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ELEMENTS  OE  PHYSICS 

CHAPTER    I 
MATTER   AND    ITS   PROPERTIES 

INTRODUCTION 

Means  by  -w^hich  vre  obtain  a  Knowledge  of 
Nature. — We  are  pro^dded  with  means  of  gaining  a 
knowledge  of  tlie  things  about  us.  We  hear  sounds,  we 
see  light,  we  smell  odours,  we  feel  heat,  we  feel  the 
contact  of  other  things,  and  we  taste.  Thus  we  have  six 
gates  through  which  information  concerning  the  outside 
world  may  reach  us.  These  gates  are  called  senses^  and 
any  information  received  through  one  of  them  is  called  a 
sensation.  Moreover,  we  have  the  power  of  reasoning  ; 
and  through  our  senses,  aided  by  reasoning,  we  acquire 
what  knowledge  of  nature  we  can. 

OUR    SENSES    SOMETIMES    DECEIVE    US 

It  must  not  be  forgotten  that  we  are  often  deceived  by 
our  senses,  or,  it  may  be,  by  our  reasoning.     We  believe 
we  have  seen  what  we  have  not  seen,  or  have  heard  what 
E  B 
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we  have  not  heard.  Thus  to  nearly  every  one,  perhaps 
to  every  one,  the  full  moon  ajDjjears  larger  when  near  the 
horizon  than  when  nearly  overhead.  You  may  prove 
that  this  is  an  illusion  l^y  holding  a  threepenny  piece  at 
arm's-length,  nearly  in  a  line  between  your  eye  and  the 
moon  in  each  of  the  two  positions.  Again,  when  that 
beautiful  meteorite  shot  across  the  Canadian  sky  in  June 
1884,  many  who  saw  it  affirmed  afterwards  that  they  had 
heard  it  whiz,  while  others,  having  quite  as  acute  sense 
of  hearing,  experienced  no  such  sensation.  Doubtless  the 
former  were  deceived  through  mistaking  the  meteorite  for 
a  rocket.  As  they  had  always  heard  a  rocket  whiz,  they 
inferred  tliat  the  meteorite  did  likewise.  It  is  proverbial 
that  a  story  changes  wonderfully  as  it  passes  from  mouth 
to  mouth,  and  this  has  been  set  down  as  the  effect  of 
moral  depravity  in  mankind.  But  it  is  rather  the  effect 
of  mixing  up  inferences  with  sensations.  The  student  of 
nature,  if  he  is  to  succeed,  must  learn,  among  other  things, 
not  to  allow  unconscious  inference  to  take  the  place  of 
observation. 

ORDER  OF  NATURE 

The  most  careless  observer  of  nature  must  notice  that 
some  events  take  place  in  a  regular  order,  and  that  some 
causes  are  always  followed  by  the  same  effect ;  he  must 
see,  in  short,  that  there  is  an  order  of  nature,  and  that  all 
things  do  not  happen  by  chance.  The  careful  observer  of 
nature,  aided  by  the  labours  of  those  who  have  gone  before 
him,  cannot  but  believe  that  nothing  happens  hy  chance. 
It  is  tlie  province  of  science  to  investigate  this  order  of 
nature.  Much  has  been  done,  but  much  more  remains  to 
be  done. 

A    LAW    OF    NATURE 

When  we  have  discovered  a  fact  concerning  the  order  of 
nature,  we  call  a  simple  statement  of  this  fact  a  laiu  of 
nature.     We  state  a  law  of  nature  as  fully  and  precisely 
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as  we  are  acquainted  with  the  facts  of  which  it  is  a 
statement.  Further  investigation  may  lead  us  to  amend 
it,  or  even  to  substitute  another  for  it.  Thus,  long  ago, 
"  Nature  abhors  a  vacuum  "  was  given  as  a  law  of  nature, 
and  was  based  on  such  observations  as  had  been  made  up 
to  that  time.  But  further  observations,  of  which  you  will 
learn  more  hereafter,  led  men  to  modify  it. 

A    LAW    OF    NATURE    IS    NOT    A    CAUSE 

It  is  necessary  to  bear  in  mind  that  a  law  of  nature  is 
not  a  cause.  When  Newton,  from  seeing  an  apple  fall  in 
his  orchard,  was  led,  from  further  observation  and  powerful 
reasoning,  to  enunciate  the  sublime  law  of  gravitation,  he 
did  not  discover  the  cause  of  the  falling.  No  one  since 
Newton's  time  has  discovered  the  cause  of  a  tendency  on 
the  part  of  bodies  to  move  toward  one  another,  and  it  may 
be  doubted  whether  any  one  will  ever  discover  that  cause. 

MATTER    AND    PHENOMENA 

It  has  been  said  that  any  information  of  the  world 
about  us  that  we  receive  through  our  senses  is  called  a 
sensation.  That  which,  acting  on  our  sensiferous  organs, 
may  produce  a  sensation,  is  called  a  natural  'phenomenon. 
Again,  the  source  of  all  natural  phenomena  is  matter. 
You  have  a  sensation  that  causes  you  to  say  that  you  see 
a  red-hot  ball.  The  light  which,  acting  on  the  sensiferous 
organs,  produces  the  sensation,  is  a  natural  phenomenon. 
The  ball  itself,  which  is  the  source  of  the  light,  is  a 
portion  of  matter. 

MATTER    MUST    BE    DISTINGUISHED    FROM    PHENOMENA 

You  must  be  careful  not  to  confound  matter  with  any 
phenomenon  of  which  it  is  the  source.  Sound  is  not 
matter;  but  a  bell,  or  anything  else   that  may  be   the 
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source  of  soiind,  is  matter.  Light  is  not  matter  ;  but  the 
sun,  or  anything  else  that  may  be  the  source  of  light,  is 
matter.  An  odour  is  not  matter  ;  but  a  piece  of  musk,  or 
anything  else  that  may  be  the  source  of  odour,  is  mg-tter. 
A  flavour  is  not  matter  ;  but  a  piece  of  cinnamon,  or 
anything  else  that  may  be  the  source  of  a  flavour,  is 
matter.  Heat  is  not  matter  ;  but  the  flame  of  a  candle, 
or  anything  else  that  may  be  the  source  of  heat,  is  matter. 
Pain  is  not  matter  ;  but  a  sharp  thorn,  or  anything  else 
that  may  be  the  source  of  pain,  is  matter. 

§  1.  Experimentation. — We  observe  phenomena 
which  arise  from  natural  conditions — that  is,  from 
conditions  with  which  man  has  nothing  to  do,  and  we 
may  learn  much  from  such  observations  if  they  are 
carefully  attended  to.  But  we  may  have  some  doubt 
concerning  the  exact  conditions  under  which  a  certain 
j)henomenon  arises.  "VVe  then  bring  about  accurately 
known  artificial  conditions,  and  observe  the  phenomenon 
arising.  In  this  way  our  knowledge  becomes  more 
accurate  or  scientific. 

It  is  a  matter  of  common  observation  that  water  some- 
times freezes,  and  that  it  freezes  when  the  temperature  is 
low.  By  trial  we  may  ascertain  the  exact  conditions 
under  which  water  changes  into  ice.  Whenever  we  place 
natural  objects  under  certain  accurately  known  artificial 
conditions,  for  the  purpose  of  observing  the  resulting 
phenomenon,  we  make  an  experinunt.  It  is,  of  course, 
necessary  that  we  know  exactly  the  conditions  present  in 
any  experiment,  or  our  trial,  instead  of  teaching,  will 
deceive  us.  It  is  not  an  easy  task  to  make  an  exj^eriment, 
and  properly  to  read  the  lesson  that  it  teaches,  because 
it  is  very  difiicult  to  exclude  all  conditions  whose  presence 
we  do  not  desire  ;  and  often  conditions  are  present  without 
our  knowledge.  When  we  wish  to  study  a  particular 
agent  or  cause  we  should  so  arrange  our  experiments  as  to 
lead  to  results  depending  upon  this  cause  alone  ;  or,  if  this 
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is  impossible,  so  that  the  effects  of  this  cause  shall  so  far 
exceed  the  effects  of  other  causes  that  to  neglect  the  latter 
will  not  lead  to  any  serious  error. 

An  experiment  is  a  question  put  to  nature.  "We  receive 
the  answer  by  means  of  a  'phenomenon — that  is,  a  change 
which  we  observe,  sometimes  by  the  sight  or  hearing, 
sometimes  by  other  senses.  In  every  experiment  certain 
facts  or  conditions  are  always  known ;  and  the  inquiry 
consists  in  ascertaining  the  facts  or  conditions  that  follow 
as  a  consequence.  The  following  experiments  and  discus- 
sions will  illustrate  : — 

§  2.  Things  known  and  Things  to  be  ascer- 
tained.— We  are  certain  that  we  cannot  make  our  right 
hand  occupy  the  same  space  with  our  left  hand  at  the 
same  time.  All  experience  teaches  us  that  no  two  jportions 
of  matter  can  occupy  tJie  same  space  at  the  same  time.  This 
property  which  matter  possesses  of  excluding  other  matter 
from  its  own  space,  is  called  impenetrability.  It  is  peculiar 
to  matter  ;  nothing  else  possesses  it.  These  facts  being 
known,  let  us  proceed  to  put  certain  in- 
terrogatories to  nature.  Is  air  matter? 
Is  a  vessel  full  of  air  a  vessel  full  of 
nothing  ?  Is  it  "empty"  ?  Can  mxitter 
exist  in  an  invisible  state? 

Experiment  1. — Float  a  cork  on  a  sur- 
face of  water,  cover  it  with  a  tumbler,  or 
tall  glass  jar,  and  thrust  the  glass  vessel, 
mouth  downward,  into  the  water.  In 
case  a  tall  jar  (Fig.  1)  is  used,  the  experi- 
ment may  be  made  more  attractive  by 
placing  on  the  cork  a  lighted  caudle. 
State  haw  the  experiment  answers  each  of 
the  above  questions,  and  what  evidence  it 
famishes  that  air  is  matter  ;  or,  at  least, 
that  air  is  like  matter. 

Experiment  2. — Hold  a  test-tube  for 
a  minute  over  the  mouth  of  a  bottle  containiug  ammonia-water. 
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Hold  anotlier  tube  over  a  bottle  containing  liydrocbloric  acid. 
The  tubes  become  filled  with  gases  that  rise  from  the  bottles,  yet 
nothing  can  be  seen  in  either  tube.  Place  the  mouth  of  the  first 
tube  over  the  mouth  of  the  second,  and  invert.  Do  you  see  any 
evidence  of  the  presence  of  matter  ?  Was  this  matter  in  the 
tubes  before  they  were  brought  together  ?  If  not,  from  what 
was  it  formed  ?  Which  one  of  the  proposed  questions  does  this 
experiment  answer  ?     How  does  the  experiment  answer  it  ? 

Again,  we  are  quite  familiar  with  the  fact  that  matter 
exerts  a  downward  pressure  on  things  upon  which  it 
rests  ;  and  that  matter,  in  a  liquid  state  at  least,  exerts 
pressure  in  other  directions  than  downward,  as,  for 
instance,  against  the  sides  of  the  containing  vessel.  Does 
air  exert  'pressure  ? 

Experiment  3. — Thrust  a  tumbler,  mouth  downward,  into 
water,  and  slowly  invert.  You  see  bubbles 
escape  from  the  mouth  What  is  this  that 
displaces  the  water,  and  forms  the  bubbles  ? 
When  the  tumbler  becomes  filled  with  water, 
once  more  invert,  keeping  its  mouth  under 
the  surface  of  the  water,  and  raise  it  nearly 
out  of  the  water,  as  in  Fig.  2.  Why  does 
the  water  not  fall  out  ?  What  would  happen 
if  you  were  to  make  a  hole  in  the  bottom  of 
the  tumbler  ?  Make  the  experiment  with 
a  glass  funnel,  first  closing  the  small  end 
with  the  finger,  and  then  removing  it. 
What  conclusions  do  you  draw  from  these 
observations  ? 

— Pass  a  glass  tube  through  the  stopper  of 
Attach  a  rubber  tube  to  the  glass  tube. 
Exhaust  the  air  by  "suction"  from  the  bottle;  pinch  the 
rubber  tube  in  the  middle,  insert  the  open  end  into  a  basin  of 
Avater,  and  then  release  the  tube.  What  takes  place  ?  Why 
does  not  the  water  fill  the  bottle  ? 

Finally,  we  know  that  matter  has  w^eight,  and  nothing 
else  has  it.     Has  air  weight  ? 

Experiment  5, — Exhaust  the  air  by  means  of  an  air- 
pump  from  a  hollow  globe  (Fig.  4).  Having  turned  the  stop- 
cock to  prevent  the  entrance  of  air,  carefully  balance  the  globe 


Fig.  2. 

Experiment  4. 
a  bottle  (Fig.  3). 
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on  a  scale-beam,  as  in  Fig.  5.  Afterwards  turn  the  stop- 
cock and  admit  the  air.  What  is  the  result  ?  What  does  it 
teach? 

The  experiments  with  air  teach  us  that  it  is  matter, 
since,  like  matter,  it  can  exclude  other  matter  from  the  space 
it  occupies,  it  exeHs  pressure,  and  has  weight,  while  all  the 
above  experiments  draw  from  nature  one  reply,  matter 

CAN  EXIST  IN  AN  INVISIBLE  STATE. 

§  3.  Minuteness  of  Particles  of  Matter. — Physi- 
ologists teach  us  that,  in  order  to  smell  any  substance, 
we  must  take  into  our  nostrils,  as  we  breathe, 
small  particles  of  that  substance  which  are 
floating  in  the  air.  The  air,  for  several 
metres  around,  is  sometimes  filled  with  fra- 
grance from  a  rose.     You  cannot  see  anything 
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Fig.  4. 


Fig.  5. 
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in  the  air,  but  it  is,  nevertheless,  filled  with  a  very  fine 
dust  that  floats  away  from  the  rose.  The  odour  of  rose- 
mary at  sea  renders  the  shores  of  "Spain  distinguishable 
long  before  they  are  in  sight.  A  gmin  of  musk  will 
scent  a  room  for  many  years,  by  constantly  sending  forth 
into  the  air  a  dust  of  musk.  Though  the  number  of 
particles  that  escape  must  be  countless,  yet  they  are  so 
small  that  the  original  grain  does  not  lose  perceptibly 
in  weight. 

The  microscope  enables  us  to  see,  in  a  single  drop  of 
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stagnant  water,  a  world  of  living  creatures,  swimming 
with  as  much  liberty  as  whales  in  a  sea.  The  larger  prey 
upon  the  smaller,  and  the  smaller  find  their  food  in  the 
still  smaller,  and  so  on,  till  the  power  of  the  microscope 
fails  us.  The  whale  and  the  minnow  do  not  differ  more 
in  size  than  do  some  of  these  animalcules,  the  largest  of 
which  are  hardly  visible  to  the  naked  eye.  But  as  the 
smallest  of  these  perform  very  complex  operations  in 
collecting  and  assimilating  food,  we  must  conclude  that 
they  are  composed  not  only  of  many  particles,  but  of 
many  kinds  of  matter.  These  minute  living  forms  that 
people  the  microscopic  world  are  exceedingly  large,  in 
comparison  with  the  inconceivably  minute  particles  into 
which  it  is  evident  that  matter  can  be  subdivided. 

§  4.  The  Molecule. — Experiment  1 — Examine  care- 
fully a  drop  of  water  with  the  naked  eye,  or  with  a  microscope. 
So  far  as  you  are  able  to  see,  the  space  occupied  by  the 
drop  is  entirely  filled  with  water.  Fill  a  test-tube 
with  water  (Fig.  6).  Insert  a  cork  stopper,  pierced 
with  a  glass  tube  ;  heat  over  a  lamp -flame,  and  note 
the  phenomena  produced.  Describe  the  result.  Place 
it  in  ice-water.  What  happens  ?  Kepeat  this  experi- 
ment, using  other  liquids,  and  compare  the  results. 

This  change  of  volume  can  be  explained  only 
on  one  of  two  suppositions :    the  space  occupied 
by  the  water   may,  as  it  appears,  be  full  of  water, 
which    the  heat    causes  to  ex- 
pand,   and    occupy    a    greater 
space,  as  represented  graphically  ^^?^f  ^®*^ 
in  Fig.  7  ;  or  the  body  of  water 
may  consist  of  a  definite  num- 
ber of  distinct  particles,  which  Contracted        ^_| 
we  will  call  molecules  (as  represented  ^H 

in  Fig.  8),  separated  from  one  another  p.    ^ 

by  spaces  so  small  as  not  to  be  percep- 
tible, even  with  the  aid  of  a  microscope.     Expansion,  in 
this  case,   is  accounted    for  by  a   simple    separation    of 
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molecules  to  greater  distances.  There  is  no  increase  in  the 
number  of  molecules^  no  increase  in  their  size,  only  an  en- 
largement of  space  between  them.  Which  of  these  supposi- 
tions is  the  more  probable  ? 

Experiment  2 — Place  a  tumbler  full  of  cold  water  in  a 
warm  place,  and  in  about  an  hour  ex- 
amine it.  You  find  many  small  bubbles  [  '  /**.'•/••*•  * ,  * 
of  air  clinging  to  all  parts  of  the  in-  Expanded  *•.'.**/:•*.*•*/• 
terior  surface  of  the  glass.  Is  it  prob-  ^***®-  •'.'.•'•*/.' •.*.'•*! 
able  that  outside  ail-  has  descended  into  *»l'* ','//»' '•• 
the  liipiid  ?  I  *.  •.  *.• :  •.'•,** 

Experiment  3. — Place   a    tumbler  contracted  ::;•::'•.'.•: 

half  full  of  water  imder  a  glass  receiver      state.  i  :••'•;*':•.*•: 

of  an  air-pump  (p.  158),   and  exhaust  :;lv':::i 

the  air.     AVhen  a  very  good  vacuum  Fig.  8. 
has  been  obtained,  bubbles  of  air  will 

be  seen  to  forai  at  all  points  in  the  liquid,  and  to  rise  and 
bm-st  near  the  surface. 

Evidently  the  air  was  previously  in  the  same  space 
occupied  by  the  water.  This  seems  to  contradict  the 
first  of  the  above  suppositions;  for,  according  to  that,, 
the  space  occupied  by  the  water  is  full  of  water,  leaving 
no  room  for  other  matter.  But  according  to  the  second 
supposition,  the  space  is  not  filled  with  water  ;  there  is 
still  room  for  particles  of  other  matter  in  the  spaces 
among  the  molecules  of  water.  Now,  as  we  cannot  con- 
ceive of  two  portions  of  matter  occupying  the  same  space 
at  the  same  time  {e.g.  where  air  is,  water  cannot  be),  we 
conclude  that  the  glass  "  full  of  water "  is  not  full  of 
water.  In  a  similar  manner,  it  may  be  indicated  that  no 
visible  body  completely  fills  the  space  enclosed  by  its 
surface,  but  that  there  are  spaces  in  every  body  that  may 
receive  foreign  matter.  If  there  are  spaces,  then  the 
bodies  of  matter  that  our  eyes  are  permitted  to  see  are 
not  continuous,  as  space  is  continuous,  but  every  visible 
body  is  an  aggregation  of  a  countless  number  of  separate 
bodies. 
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Perform  at  your  homes  the  two  following  experiments : — 
Experiment  4. — Pulverise    one -half    of  a    teaspoonful    of 

starch,  and  boil  it  in  two  tablespoonfuls  of  water,  stirring  it 

meantime.     What  phenomena  occur  ?     What  do  they  teach  ? 

What  becomes  of  the  water  ? 

Experiment  5. — Fill  a  bowl  half  full  with  peas  or  beans. 

Just  cover  them  with  tepid  water,  and  set  away  for  the  night. 

Examine  in  the  morning.     What  phenomena  do  you  observe  ? 

Explain  each. 

Strictly  speaking,  are  bodies  of  matter  impenetrable  ? 
What  only  is  impenetrable  ?  When  you  drive  a  nail  into 
wood,  do  you  make  the  two  bodies  occupy  the  same  space 
at  the  same  time  ?  Do  the  wood  and  the  iron  occupy  the 
same  space  ?  How  only  can  you  explain  this  phenomenon, 
consistently  with  the  principles  of  impenetrability  of 
matter  ? 

§  5.  Theory  of  the  Constitution  of  Matter. — 
For  reasons  which  appear  above,  together  with  many 
others  that  will  appear  as  our  knowledge  of  matter  is 
extended,  physicists  have  generally  adopted  the  following 
theory  of  the  constitution  of  matter.  Every  visible  body  of 
inatter  is  composed  of  exceedingly  small  particles^  called 
molecules;  in  other  loords,  every  body  is  the  sum  of  its 
molecules.  No  two  molecules  of  matter  in  the  universe  are 
in  permanent  contact  with  each  other.  Every  molecule  of  a 
body  is  separated  from  its  neighbours,  on  all  sides,  by  incon- 
ceivably small  spaces.  Every  molecule  is  in  quivering  motion 
in  its  little  space,  moving  backward  and  forward  among  its 
neighbours,  and  rebounding  from  tJiem.  From  some  cause, 
which  has  not  been  explained,  the  molecules  of  a  body  have  a 
tendency  to  rush  together.  JVhen  we  heat  a  body  ice  simply 
cause  the  molecules  to  move  mord  rapidly  through  their  spaces  ; 
so  they  strike  harder  blows  on  their  neighbours,  and  usually 
push  them  away  a  very  little;  hence,  the  size  of  tlie  body 
increases. 

This  theory  seems,  at  first,  little  more  than  an  extrava- 
gant guess.     But  if  it  shall  be  found  that  this  theory,  and 
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no  other  theory  that  has  been  proposed,  will  enable  ua  to 
account  for  most  of  the  known  phenomena  of  matter,  then 
we  shall  be  content  to  adopt  it  till  a  better  can  be  produced. 

It  may  be  well  here  to  draw  attention  to  the  great 
difference  between  a  laio  of  nature  and  a  theory. 

A  LAW  OF  NATURE  is  a  statement  of  a  truth  regarding 
the  order  of  nature,  which  has  been  learned  from  observed 
facts.  But  it  is  one  thing  to  know  a  general  fact,  and 
quite  another  to  know  the  cause  of  that  fact. 

Hypothesis  and  Theory. — When  a  law  has  been 
discovered  by  careful  study  of  observed  facts,  we  next 
imagine  a  cause.  We  try  to  imagine  a  condition  of  things 
such  that  if  it  existed  the  observed  facts  would  necessarily 
follow.  If  we  succeed  in  imagining  such  a  condition  of 
things,  we  suggest  an  hypothesis.  We  next  test  this 
hypothesis  in  every  way  we  can  think  of,  and,  if  we  can 
find  no  facts  with  which  it  is  inconsistent,  we  then  call  it 
a  theory.  The  more  varied  and  apparently  disconnected 
the  phenomena  which  an  hypothesis  will  reasonably 
explain,  the  more  likely  is  it  that  the  hypothesis  is,  in 
the  main,  correct.  The  student  of  nature  should  be 
careful  to  avoid  the  hasty  enunciation  of  any  hypothesis. 
No  attempt  should  be  made  in  this  direction  without  as 
complete  a  knowledge  of  the  facts  as  it  is  possible  to 
acquire.  The  successful  framers  of  hypotheses  have  been 
indeed  few. 

It  is  a  very  valuable  exercise  frequently  to  require  the 
student  to  distinguish  those  statements  in  the  text-book 
that  depend  upon  theory  from  those  that  depend  only 
upon  observed  facts. 

§  6.  Porosity. — If  the  molecules  of  a  body  are 
nowhere  in  absolute  contact,  it  follows  that  there  are 
unoccupied  spaces  among  them  which  may  be  occupied 
by  molecules  of  other  substances-  These  spaces  are  called 
yores.  Water  disappears  in  cloth  and  beans.  It  is  said  to 
penetrate  them  ;  but  it  really  enters  the  vacant  spaces  or 
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pores  between  the  molecules  of  these  substances.  All 
matter  is  porous  ;  thus  water  may  be  forced  through  solid 
cast-iron,  and  dense  gold  will  absorb  the  liquid  mercury 
much  as  chalk  will  water.  The  term  pm'e,  in  jDhysics,  is 
restricted  to  the  invisible  spaces  that  separate  molecules. 
The  cavities  that  may  be  seen  in  a  sponge  are  not  pores 
but  holes  ;  they  are  no  more  entitled  to  be  called  jDores 
than  the  cells  of  a  honeycomb  or  the  rooms  of  a  house 
are  entitled  to  be  called,  respectively,  the  pores  of  the 
honeycomb  or  of  the  house. 

Small  as  animalcules  are,  they  are  coarse  lumps  in  comparison 
with  the  size  of  the  molecule.  By  means  of  delicate  calculations, 
the  physicist  has  succeeded  in  ascertaining  approximately  the 
probable  size  of  the  molecule.  If  a  drop  of  water  could  be 
magnified  to  the  size  of  the  earth,  it  is  thought  that  its 
molecules  would  appear  smaller  than  an  apple.  In  other 
words,  the  molecule,  in  size,  is  to  a  di*op  of  water  what  an  apple 
is  to  the  earth.  If  we  should  attempt  to  count  the  number  of 
molecules  in  a  pin's  head,  counting  at  the  rate  of  ten  million 
in  a  second,  we  should  require  250,000  years. 

§  7.  Density. — Cut  several  blocks  of  wood,  apple, 
putty,  lead,  etc.,  of  just  the  same  size,  and  weigh  them. 
Do  they  have  the  same  weight  ?  Ccin  you  explain  the 
difference  by  a  difference  of  porosity  ? 

Again,  if  you  can  make  the  experiment  illustrated  in 
Figs,  4  and  5,  using  various  gases,  you  will  find  tliat  the 
weights  of  the  same  volumes  of  different  gases  are  different. 
But  the  chemist  has  reasons  for  believing  that  there  is  the 
same  number  of  molecules  in  the  globe  whatever  be  the 
gas,  if  the  pressure  and  the  temperature  are  the  same. 
We  see  then  that  some  bodies  have  more  matter  in  a  given 
volume  than  others,  either  because  the  molecules  are  closer 
together,  or  because  the  molecules  are  different ;  we  call 
them  more  dense.  By  the  mass  of  a  body  we  understand 
the  quantity  of  matter  in  it  ;  and  by  its  density,  the  mass  in 
the  unit  volume  of  it.  For  example,  the  density  of  cast-iron 
is  about  450  pounds  per  cubic  foot. 
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§  8.  Simple  and  Compound  Substances. — Place 
a  small  quantity  of  sugar  on  a  hot  stove  and  hold  a  cold 
sheet  of  glass  or  of  polished  metal  a  few  inches  above  it. 
In  a  few  minutes  you  will  find  a  black  mass  of  charcoal 
or  carbon  on  the  stove,  and  some  w^ater  on  the  surface  of 
the  glass.  Evidently  the  sugar  must  have  contained  the 
carbon  and  the  water.  The  heat,  in  your  experiment, 
expels  the  water  in  the  form  of  steam,  and  leaves  the 
carbon.  Carbon  can  be  extracted  from  sugar  in  another 
way.  Prepare  a  very  thick  syrup,  by  dissolving  sugar  in 
hot  water,  and  pour  upon  the  syrup  tAvo  or  three  times  its 
bulk  of  sulphuric  acid.  You  will  quickly  obtain  a  bulky, 
spongy  mass  of  carbon.  In  this  case  the  water  has  been 
absorbed  by  the  sulphuric  acid. 

By  suitable  processes,  there  may  be  obtained  from 
marble  three  substances,  each  one  of  which  is  entirely 
unlike  marble.  One  of  the  substances  is  carbon  ;  another 
is  a  metal  called  calcium,  which  looks  very  much  like 
silver  ;  the  third  is  a  gas  called  oxygen,  which,  when  set 
free  from  its  prison-house  in  the  solid,  expands  to  many 
times  the  size  of  the  marble  from  which  it  was  liberated. 

If  we  should  grind  a  small  piece  of  marble  for  many 
hours  in  a  mortar,  we  should  reduce  the  marble  to  a  very 
fine  powder,  but  should  fall  very  far  short  of  reducing  it 
to  its  molecules.  Still,  each  little  particle  of  the  powder 
is  as  truly  marble  as  the  original  lump.  If  we  should 
continue  the  division,  in  our  imaginations,  till  the  marble 
were  reduced  to  molecules,  we  should  expect  to  find  all 
the  molecules  just  alike.  Now,  since  our  smallest  piece, 
our  molecule,  our  unit  of  marble,  is  marble^  and  since 
marble  is  composed  of  the  three  substances,  carbon,  cal- 
cium, and  oxygen,  we  conclude  that  our  molecule  itself 
must  be  capable  of  di\dsion.  Ko  one  has  been  able  to 
separate  any  one  of  these  substances  into  other  substances. 
No  one  has  taken  away  from  calcium  anything  but  calcium, 
or  extracted  from  carbon  or  from  oxygen  anything  but 
carbon  or  oxygen. 
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Those  substances  that  have  resisted  all  efforts  to  break 
them  up  into  other  substances  are  called  simple  substances 
or  elements.  Those  substances  that  may  be  broken  up 
into  other  substances  are  called  compoimd  substances.  Of 
the  large  number  of  substances  known  to  man,  only  about 
70  are  elements.  All  other  substances  are  compounds  of 
two  or  more  of  these  elements. 

A  molecule  of  any  substance,  simple  or  compound,  is  that 
minute  mass  of  the  substance  which  cannot  be  divided  without 
destroying  its  properties. 

§  9.  Physical  and  Chemical  Changes. — When 
sugar  is  ground  to  a  powder,  the  particles  are  simply  torn 
apart,  but  do  not  lose  their  characteristics.  The  powder 
is  just  as  sweet  as  the  lump.  Such  a  division  is  called  a 
physical  division.  Generally,  any  change  in  a  substance  that 
does  not  cause  it  to  lose  its  identity,  in  other  words,  to  cease  to 
be  that  substance,  is  called  a  physical  change.  When  sufficient 
heat  is  applied  to  sugar,  the  molecules  themselves  are 
divided  ;  and  when  a  molecule  of  sugar  is  divided,  the 
result  is  not  two  parts  of  a  molecule  of  sugar,  but  the  two 
substances,  carbon  and  water.  The  sweetness  is  destroyed  ; 
sugar  no  longer  exists  ;  other  substances  have  taken  its 
place.  The  molecule  of  sugar  is  no  more  like  the  sub- 
stances into  which  it  has  been  separated,  than  a  word,  as 
a  whole,  is  like  the  letters  that  compose  it.  Such  a 
division  is  called  a  chemical  division.  Generally,  any 
change  in  a  substance  that  causes  it  to  lose  its  identity,  or 
cease  to  be  that  substance,  is  called  a  chemical  change. 

Ice,  heated,  melts  to  water  ;  water,  heated,  becomes  steam  ; 
steam,  cooled,  condenses  to  water  ;  water,  cooled,  becomes  solid. 
During  these  changes,  the  substance  (the  molecule)  has  not 
changed.  There  has  been  only  a  change  among  the  molecules, 
in  distance  and  arrangement.  What  kind  of  change  is  this  ? 
But  if  the  steam  is  subjected  to  a  very  intense  heat,  the  result 
is  that  it  becomes  converted  into  a  mixed  gas,  consisting  of  two 
gases,  oxygen  and  hydrogen.  This  gas  is  not  condensable  at 
any  ordinary  temperature.     Unlike  steam,  it  burns  and  even 
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explodes.     What  kind  of  separation  is  this  ?     What  has  been 
separated  ?     What  has  been  divided  ? 

Blackboard  crayons  are  prepared  by  subjecting  the  dust  of 
plaster  of  Paris  to  gi-eat  pressure,  which  causes  the  particles  to 
unite  and  form  the  crayon.  What  kind  of  change  is  this  ? 
AVhat  kind  of  union  ?  In  the  experiment  (§  2)  with  the 
ammonia  and  hydrochloric-acid  gases,  the  tsvo  gases  disappear, 
and  a  solid  is  left  in  their  place.  What  kind  of  change  is  this  ; 
chemical  or  physical  ?     Is  it  union  or  separation  ? 

§  10.  Annihilation  and  Creation  of  Matter 
impossible. — Experiment  1. — Prepare  a  satm-ated  solution 
of  calcium  chloride.  Mix  with  an  equal  bulk  of  water  and  weigh 
the  solution.  Prepare  a  dilute  solution  of  sulphuric  acid  (1  to  4), 
and  pour  an  equal  weight  of  the  last  solution  on  the  fust,  all  at 
once,  and  shake  gently.  Instantly  the  mixed  liquid  becomes  a 
solid.  The  solid  formed  is  commonly  called  plaster  of  Paris.  It 
is  an  entirely  different  substance  from  either  of  the  two  liquids 
used.  What  kind  of  change  is  this  ?  A  new  substance  has 
been  formed.  Has  matter  been  created  ?  Weigh  the  resulting 
solid  ;  compare  its  weight  with  the  sum  of  the  weights  of  the 
two  liquids.  What  do  you  find  ?  What  conclusion  do  you 
draw  ? 

Solids  may  be  converted  into  liquids  or  gases  ;  gases 
may  be  converted  into  liquids  or  solids  ;  substances  may 
completely  lose  their  characteristics  :  but  man  has  not  dis- 
covered the  means  by  which  a  single  molecule  of  matter  can  he 
created  out  of  nothing^  or  by  which  a  single  molecule  of  matter 
can  be  reduced  to  nothing.  Iklatter  cannot  be  created, 
cannot  be  annihilated  ;  it  is  a  constant  quantity.  The 
discovery  of  this  fact  laid  the  foundation  of  the  science  of 
Chemistry. 

This  statement  may  not  seem  to  accord  with  many  occur- 
rences of  everyday  experience.  Wood,  coal,  and  other 
substances  burn  ;  matter  disappears,  and  very  little  is  left  that 
can  be  seen.  But  does  matter  pass  out  of  existence  when  it 
disappeai-s  in  burning,  or  does  it  assume  the  invisible  state 
known  by  the  name  of  gas  ? 

Experiment  2. — Hold  a  cold,  dry  glass  tumbler  over  a 
candle-flame.     The   bright  glass  instantly  becomes  dimmed  ; 
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and,  on  close  examination,  you  find  the  glass  bedewed  with 
fine  drops  of  a  liquid.     This  liquid  is  water. 

You  may  think  it  strange  that  water  is  formed  in  the  hot 
flame  ;  yet  this  simple  experiment  shows  that  this  is  really  the 
case.  If  water  is  formed  during  the  burning,  what  is  the 
reason  we  do  not  see  it  ?  Simply  because  it  rises  in  the  form 
of  steam,  which  is  an  invisible  gas.  The  visible  cloud,  often 
called  steam,  which  is  formed  in  front  of  the  nozzle  of  a  tea- 
kettle, is  not  steam,  but  fine  drops  of  water  floating  in  the  air, 
— a  sort  of  water-dust.  All  clouds  are  of  the  same  nature.  A 
cloud  always  stands  over  Niagara  Falls,  even  on  the  clearest 
days.  The  water  of  the  river  falls  a  distance  of  150  feet,  and 
some  of  it  is  dashed  into  fragments,  or  dust,  which  rise  in  a 
cloud. 

Experiment  3. — Introduce  a  candle-flame  into  a  clean  glass 
bottle  ;  after  it  has  burned  a  few  minutes  the  flame  goes  out. 
Why  does  it  go  out  ?  See  whether  the  air  in  the  bottle  is  the 
same  as  it  was  before.  Pour  a  wineglassful  of  lime-water  into 
the  bottle,  cover  tightly,  and  shake.  Also  pour  lime-water 
into  a  bottle  filled  with  air.  What  diff"erence  do  you  observe 
in  the  results  1  Does  the  experiment  show  that  any  new 
substance  has  been  formed  during  the  burning  ?  If  so,  is  it  a 
visible  substance  ?  Can  you  depend  upon  the  sense  of  sight 
alone  to  discover  the  presence  of  matter  ? 

Before  we  can  decide  whether  or  not  matter  is  annihilated 
while  burning,  it  is  necessary  to  collect  carefully,  not  only  the 
ashes,  but  all  the  invisible  gases  that  are  formed.  This  is  a 
somewhat  troublesome  experiment ;  but  it  has  been  frequently 
performed,  and  it  is  found  that  their  collective  weight  is  equal 
to  the  weight  of  the  body  burned  plus  the  weight  of  that 
portion  of  the  atmosphere  which  disappears  in  the  burning. 

Water  does  not  pass  out  of  existence  when  it  "dries  up"; 
nor  are  raindrops  and  dewdrops  created  out  of  nothing.  Matter 
is  everywhere  undergoing  great  and  various  changes,  both 
chemical  and  physical.  Nature  is  ever  arraying  herself  in  new 
forms.  The  sun  warms  the  tropical  ocean,  converting  the 
liquid  into  vapour  ;  the  vapour  rises  in  the  air,  is  recondensed 
on  mountain  heights,  and  returns  in  rivers  to  the  ocean  whence 
it  came.  Geology  teaches  us  that  continents  and  oceans,  and 
even  the  "everlasting  hills,"  have  a  birth  and  decay,  as  well  as 
whole  tribes  of  animals  and  vegetables.  Althoiigh  we  may  be 
counted  among  the  living  ten  years  hence,  our  bodies  will,  ere 
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that,  have  crumbled  into  dust ;  and  the  matter  that  will  then 
compose  our  bodies  is  to-day  to  be  found  mainly  in  the  earth 
upon  which  we  tread.  Change  is  stamped  upon  all  matter  ; 
nothing  is  exempt.  Only  the  quantity  of  matter  remains 
unchanged. 

§  11.  Force. — Experiment  1 —  From  a  piece  of  card- 
board suspend,  by  means  of  silk  threads,  six  pith-balls,  so 
that  they  may  be  about  2°™l  apart.  Procure  a  clean,  dry 
glass  tube,  about  40°"^  long  and  S*""  in  diameter.     Rub  a  por- 


Fig.  9. 

tion  of  this  tube  briskly  with  a  silk  handkerchief,  and  hold  it 
about  2'''^  below  the  balls.  The  balls  seem  to  become  suddenly 
possessed  of  life.  They  gather  about  the  rod,  and  strive  to 
reach  it.  If  we  cut  one  of  the  threads,  the  ball  will  fly 
straight  to  the  rod,  and  cling  to  it  for  a  time.  The  means  by 
which  the  rod  acts  upon  the  balls  is  invisible.  Yet  evidence 
is^  positive  that  the  rod  has  an  influence  on  the  balls.  Slip  a 
piece  of  glass  between  the  rod  and  the  balls  ;  still  the  influence 
is  felt  by  the  balls.  The  glass  does  not  sever  the  invisible 
bonds  that  connect  the  balls  with  the  rod. 

Now  slowly  bring  the  rod  near  the  balls,  till  they  touch. 
They  at  first  cling  to  the  rod  ;  but  soon  the  rod,  as  if  dis- 
pleased with  their  company,  appears  to  push  them  away. 
Withdraw  the  rod  ;  the  balls  do  not  hang  by  parallel  threads 
as  before,  but  appear  to  be  pushing  one  another  apart.  Gradu- 
ally bring  the  palm  of  the  hand  up  beneath  the  balls,  but 
without  touching  them.  The  balls  gradually  yield  to  the 
influence  of  the  hand,  and  come  together.  Remove  the 
c 
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hand,  and  tliey  again  fly  apart.  Matter  seems  not  to  be 
the  dead,  inert  thing  which  it  is  often  called  ;  it  can  piLsh 
and  pull. 

Experiment  2. —  Raise  one  of  these  balls  with  the  fingers, 
and  then  withdraw  the  fingers.  Something  from  below  seems 
to  reach  up,  and  pull  the  ball  down  again.  The  same  happens 
with  each  one  of  the  balls  ;  every  ball  moves  as  if  pulled  by 
something  below.  What  is  it  that  moves  the  balls  ?  Carry 
the  balls  into  another  room,  the  same  thing  occurs.  Carry 
them  to  any  part  of  the  earth,  the  same  thing  occurs.  It  must 
be  on  account  of  the  earth  itself  that  the  balls  have  a  tendency 
to  fall.  All  objects  have  a  tendency  to  move  towards  the 
earth.     Why  this  is  so  we  know  not,  but  the  fact  is  obvious. 

Attempt  to  break  a  string,  or  crush  a  piece  of  chalk,  and 
you  find  that,  notwithstanding,  as  we  believe,  the  molecules  of 
these  bodies  do  not  touch  one  another,  there  exists  a  force 
which  tends  to  keep  them  together,  and  to  resist  youi-  attempt 
to  separate  them. 

§  12.  Force  defined. — This  tendency  to  push  and 
to  pull,  which  is  associated  Avith  matter,  is  called  force. 
We  do  not  know  why  separate  portions  of  matter  tend  to 
approach  one  another,  or  to  separate  from  one  another. 
Indeed  no  one  has  as  yet  succeeded  even  in  imagining  a 
reasonable  cause.  We  do  not  know  the  nature  of  force  ; 
we  cannot  see  it  or  grasp  it ;  ^ve  simply  know  that  there 
must  be  a  cause  for  certain  effects  produced.  The  familiar 
effects  produced  are  motion  and  rest.  For  example,  we 
see  a  body,  previously  at  rest,  move  ;  we  know  that  there 
is  a  cause  :  that  cause  we  call  force.  When  a  body  in 
motion  comes  to  rest,  w^e  look  for  a  cause,  and  that  cause 
we  call  force.  It  is  difficult  to  define  force ;  i^robably 
the  most  com23rehensive  definition  that  has  been  given  is 
the  following  :  Force  is  that  which  can  prodiice,  change^  or 
destroy  motion. 

All  force  exhibits  itself  in  pushes  or  pulls.  All 
change  of  motion  is  produced  by  pushes  or  pulls,  or  by  a 
combination  of  both.  A  pulling  force  is  called  an  attrac- 
tive force,  or  simply  attraction.  A  pushing  force  is  called 
a  repellent  force,  or  repulsion. 
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§    13.     Attraction     or    Repulsion    mutual  — 

Experiment. — Suspend  a  wooden  lath  in  a  sling.  Rub  one 
end  of  a  glass  rod  with  silk,  and  bring  that  end  of  the  rod 
near  to  one  end  of  the  lath.  Now  place  the  rod  in  a  sling, 
and  bring  the  lath  near  to  its  excited  end.  Does  the  experi- 
ment prove  that  the  pulling  force  acts  upon  only  one,  or  upon 
both  of  the  bodies  ?  In  the  experiment  with  the  pith-balls 
(§  11,  Exp.)  they  seem  to  be  mutually  pushing  each  other. 

All  attractions  and  all  repulsions  between  different  ;portions 
of  matter  are  mutual. 

§  14.  Molar  and  Molecular  Forces. — The  glass 
rod  does  not  seem  to  possess  any  particular  influence 
until  it  is  rubbed  with  the  handkerchief.  The  pith-balls 
do  not  repel  one  another  until  they  have  first  touched 
the  glass  rod.  After  a  time,  the  rod  and  the  balls  lose 
both  their  powers  to  attract  and  to  repel.  Or,  if  we  pass 
the  hand  several  times  over  the  part  of  the  rod  that  has 
been  rubbed,  and  over  the  balls,  they  quickly  surrender 
their  s^^ecial  powers.  These  powers  are  temporary.  .  They 
are  called  electric  powers,  and  their  cause,  Avhatever  it  may 
be,  is  called  electricity.  The  attractive  force  that  draws 
the  balls  to  the  earth  existed  before  the  experiment.  No 
manij)ulation  can  destroy  it  or  increase  it ;  it  is  eternal 
and  unchangeable,  and  exists  between  all  portions  of 
matter.  This  force  is  called  the  force  of  gravity,  and  the 
phenomenon  is  called  gravitation. 

We  have  seen  the  efi'ects  of  attractive  and  repellent 
forces,  acting  across  sensible  distances.  Have  we  any 
evidence  that  these  forces  exist  among  portions  of  matter, 
at  insensible  distances,  i.e.  at  distances  too  short  to  be 
perceived  by  our  senses  ?  Stretch  a  piece  of  india-rubber  ; 
you  observe  that  there,  is  a  force  resisting  you.  You  reason 
that  if  the  supposition  be  true,  that  the  grains  or  mole- 
cules that  compose  the  piece  of  india-rubber  do  not  touch 
each  other,  then  there  must  be  a  powerful  attractive  force 
acting  across  the  spaces  between  the  molecules,  to  prevent 
their  separation.     After  stretching  the  india-rubber,  let 
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go  one  end.  It  springs  back  to  its  original  form.  Wliat 
is  the  cause  ?  Compress  the  india-rubber  ;  its  volume  is 
diminished.  (Does  this  confirm  our  supposition  respecting 
the  granular  structure  of  matter  ?)  Remove  the  j)ressure  ; 
the  india-rubber  springs  back  to  its  original  form.  What 
is  the  cause  ? 

Every  body  of  matter,  with  the  jDOSsible  exception  of 
the  molecule,  whether  solid,  liquid,  or  gaseous,  may  be 
forced  into  a  smaller  volume  by  pressure, — in  other  words, 
matter  is  compressible.  When  pressure  is  removed,  the 
body  expands  into  nearly  or  quite  its  original  volume. 
This  shows  two  things  :  first,  that  the  matter  of  ivhich  a 
body  is  formed  does  not  really  fill  all  the  space  which  the  body 
cqypears  to  occuioy  ;  and,  second,  that  in  the  body  is  a  cause, 
ivhich,  acting  from  within  outward,  resists  outward  pressure 
tending  to  compress  it,  and  expands  the  body  to  its  original 
volume  when  pressure  is  removed.  "What  portion  of  the 
theory  of  the  constitution  of  matter  (§5)  will  account  for 
this  expansion  of  a  body  after  a  brief  compressing  force  is 
removed  ? 

It  will  be  seen  that  the  foregoing  phenomena  may  be 
satisfactorily  explained  by  supposing  that  the  molecules 
of  the  india-rubber  have  a  tendency  to  rush  together,  or, 
as  it  is  usually  expressed,  have  a  mutual  attraction  for 
one  another,  while  at  the  same  time  they  are  in  rapid 
motion  beating  against  one  another  and  driving  one 
another  back.  What  we  call  heat  is  believed  to  be  this 
molecular  motion.  Hence  the  hotter  a  body  is,  the  greater 
its  volume,  and  the  more  easily  is  one  part  of  it  separated 
from  another  j)art.  Now  we  have  tlie  key  to  the  solution 
of  a  difficulty,  which  always  arises  in  the  mind  of  a 
beginner  in  science,  when  he  first  hea,rs  the  startling 
statement  that  the  molecules  of  bodies,  of  his  own  body 
even,  do  not  touch  one  another.  If  faith  were  of  quick 
growth,  he  would  shudder  at  the  thought  of  falling  to 
pieces,  or  of  being  wafted  away  by  the  winds  as  so  much 
dust. 
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The  ancients,  finding  it  necessary  (in  order  to  explain 
phenomena  with  which  they  were  familiar)  to  suppose 
that  matter  must  be  built  up  of  small  parts,  overcame 
this  difl&culty  by  supposing  that  the  minute  particles  have 
hooks  or  claws  by  which  they  grasp  one  another.  Our 
knowledge  of  the  operation  of  forces  enables  us  to  dispense 
with  hooks  and  claws,  much  to  the  advantage  of  science. 
"We  see  that  the  molecules  of  a  body  are  kept  from  falling 
apart,  or  from  separation,  by  a  universal  attractive  force  ; 
they  are  also  kept  from  permanent  contact  by  an  ever- 
existing  motion  among  themselves  (heat).  These  forces 
act  at  insensible  distances  between  molecules,  and  hence 
are  called  molecular  forces.  When  forces  act  between 
bodies  at  sensible  distances  they  are  called  molar  forces. 
Give  illustrations  (1)  of  molar  forces  ;  (2)  of  molecular 
forces. 

§  15.  Matter  presents  itself  in  three  different  states  : 
solid,  liquid,  and  gaseous, — fairly  represented  by  earth, 
water,  and  air.  Because  these  forms  are  so  common  and 
abundant,  some  ancient  philosophers  held  that  all  solid 
matter  is  formed  of  earth,  all  liquids  of  water,  and  all 
gases  of  air.  On  this  account  they  called  them,  together 
with  fire,  elements  or  primary  matter.  They  cannot  now 
be  so  regarded  from  a  chemical  point  of  view,  because 
each  of  them  has  been  separated  into  still  more  simple 
substances ;  nor  from  a  physical  standpoint,  because,  as 
will  soon  be  shown,  many  substances  may  exist  in  any 
one  of  these  states. 

§  16.  Characteristics  of  each  of  these  States. 

— Experiment  1. — Provide  two  vessels,  a  cubical  dish  and  a 
goblet,  each  having  a  capacity  of  about  200"*^.  Also  provide 
200<=cm  of  sand,  200*=*™  of  water,  and  a  cubical  block  of  wood 
containing  200**'™.  Grasp  the  block,  and  place  it  in  the  cubical 
vessel.  Attempt  to  do  the  same  thing  with  the  water.  Why 
can  you  not  grasp  the  water  ?  Poiu-  a  portion  of  the  water  into 
the  cubical  vessel.     When  you  move  a  portion  of  the  block, 
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the  whole  block  moves.  When  you  pour  a  portion  of  the 
water  into  the  cubical  vessel,  the  whole  does  not  necessarily  go. 
Why  is  this  ?  Why  is  it  that  we  can  dip  a  cupful  of  water 
out  of  a  pailful,  without  raising  the  whole  ?  Pour  all  the 
water  into  the  goblet.  The  water  adapts  itself  to  the  shape  of 
the  goblet,  and  the  vessel  is  filled.  Attempt  to  place  the  block 
of  wood  in  the  goblet.  What  difference  in  phenomena  do  you 
observe  ?  Why  .this  diiference  ?  Pour  the  sand  from  vessel  to 
vessel.  It  adapts  itself  to  the  shape  of  each  vessel.  Why  ? 
Drop  the  block  of  wood  on  a  table.  Pour  water  on  the  table. 
How  does  a  liquid  behave  when  there  is  no  vessel  to  confine  it  ? 
Experiment  2.  — Throw  small  particles  of  sawdust  into  the 
goblet  of  water  ;  you  can  thus  render  perceptible  any  motion 
of  the  water  in  the  goblet,  just  as,  by  throwing  blocks  of  wood 
on  the  smooth  surface  of  a  river,  you  can  discover  the  motion 
of  the  river.  Notice  the  ease  with  which  the  particles  move 
about,  rise,  and  sink.  As  they  become  quiet,  slightly  jar  the 
vessel,  or  tap  it  with  the  end  of  a  pencil,  and  notice  the  ease 
with  which  disturbance  is  produced  throughout  the  liquid. 
Now  rap  the  side  of  the  block  with  a  hammer,  and  observe  how 
immovable  are  the  particles  of  wood. 

Our  experiments  teach  us  that  the  molecules  of  solids  are 
not  easily  moved  out  of  their  places;  consequently,  solid 
masses  form  such  a  firmly  connected  whole  that  their  shape  is 
not  easily  changed,  and  a  movement  of  one  part  causes  a 
movement  of  the  whole.  On  the  other  hand,  the  molecules 
of  liquids  have  scarcely  any  fixedness  of  position^  hut  easily 
slip  among  and  around  one  another ;  consequently,  liquid 
bodies  easily  mould  themselves  to  the  shape  of  tlie  vessel 
that  contains  them,  are  poured  from  vessel  to  vessel,  and 
are  easily  separated  into  parts. 

But  what  shall  we  say  of  the  sand,  which,  like  water, 
adapts  itself  to  the  shape  of  the  containing  vessel,  and 
can  be  poured  ?  Is  sand  a  liquid  ?  and  are  powders 
liquids  ?  No,  powders  are  a  collection  of  small  lum2is  of 
solid  matter.  When  jDowders  are  poured,  lumps  of  matter 
roll  around  one  another,  as  when  potatoes  are  poured  from 
basket  to  basket.  When  liquids  are  poured,  molecules 
glide  past  one  another. 
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it  is  not  so  easy  to  study  the  characteristics  of  gases, 
because  we  cannot,  usually,  see  them.  But  we  may  be 
aided  by  a  de^'ice  similar  to  that  employed  to  make  the 
movement  of  water  visible. 

Experiment  3. — Darken  a  room,  and  admit,  through  a 
small  crack  or  hole,  a  beam  of  direct  sunlight.  You  see  par- 
ticles of  dust  dancing  in  the  path  of  the  light ;  the  motion 
never  ceases.  See  how  easily  the  motion  is  quickened  by 
gently  waving  the  hand  at  some  distance  from  the  beam  of 
light. 

Experiment  4. — Place  under  the  receiver  of  an  air-pump  a 
partially  inflated  balloon  (Fig.  83),  and  exhaust  the  air.  The 
tendency  of  gases  to  expand  becomes  evident. 

In  gases,  fixedness  of  position  of  the  molecides  is  entirely 
wanting  J  and  freedom  of  motion  among  themselves  is  almost 
perfect.  They  appear  to  he  in  a  continual  state  of  repidsion, 
and  consequently  gases  have  a  tendency  to  expand  to  greater 
and  greater  volumes.  They  expand  indefinitely,  unless  con- 
fined by  pressure,  while  liquids  and  solids  tend  to  preserve 
a  uniformity  of  volume. 

Liquids  do  not  rise  above  what  is  called  their  surface, 
except  as  they  evaporate,  that  is,  change  to  gases,  and 
we  may  have  a  vessel  half  full  of  a  liquid  ;  but  gases  have 
no  definite  free  surface,  and  there  is  no  such  thing  as  a 
vessel  half  full  of  gas  and  otherwise  empty.  On  the  other 
hand,  if  gases  are  subjected  to  pressure,  their  volume  may  he 
vei'y  greatly  diminished  ;  for  instance,  the  air  that  now  fills 
a  quart  vessel  may  be  compressed  into  a  pint  vessel,  or 
even  into  less  space,  if  sufficient  force  is  used.  The  com- 
pi'essioh  of  liquids  is  barely  perceptible^  even  when  the  pressure 
is  very  great. 

§  17.  Philosophy  of  the  three  States  of  Matter. 
— "We  conclude  from  the  difficulty  which  we  experience 
in  separating  the  parts  of  a  solid  body,  that  the  molecular 
attractive  force  in  solids  is  very  great.  From  the  ease 
with  which  we  usually  separate  the  pirts  of  a  body  of 
liquid,  we  might  conclude  that  this  force  in  liquids  is 
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very  weak.  But,  before  arriving  at  any  conclusion,  it  is 
necessary  to  consider  liow  the  difficulty  of  separation  of 
tlie  parts  of  a  liquid  is  to  be  measured.  It  is  very  easy 
to  tear  off  a  portion  of  a  sbeet  of  tinfoil,  but  we  should 
not  surely  regard  this  as  an  evidence  that  the  molecules 
of  tin  have  but  little  attraction  for  one  another,  for  in 
tearing  such  a  body  we  apply  the  force  only  to  compara- 
tively few  molecules  at  a  time.  We  can  form  a  just 
estimate  of  the  strength  of  molecular  attraction  only  by 
attempting  to  sej^arate  the  foil  into  two  portions  by  such 
means  as  that  the  separation  may  take  place  no  sooner  at 
one  point  than  at  another.  So,  too,  it  is  very  easy  to 
separate  a  drop  of  water  into  two  portions,  but  this  is  no 
measure  of  the  attractive  forces  among  its  molecules,  unless 
we  take  precautions  that  we  do  not  apj)ly  the  separating 
force  successively  to  different  molecules.  If  we  succeed 
in  preventing  such  a  successive  action,  and  there  are 
certain  methods  of  doing  this  more  or  less  perfectly,  we 
shall  find  the  process  much  more  difficult, — more  so, 
indeed,  than  to  produce  a  similar  change  in  many 
solids.i 

There  is,  however,  a  difference  in  the  molecular  action 
in  solids  and  in  liquids  ;  such  that,  in  the  latter  state, 
the  molecular  forces  offer  no  resistance  to  a  shaping  force, 
while  in  the  former  state,  change  of  shape  can  only 
be  brought  about  by  the  application  of  consideral)le 
force. 

In  a  gas,  on  the  contrary,  there  is  little  attraction 
between  the  molecules  ;  but  as  they  are  constantly  hitting 
one  another,  and  thereby  tending  to  drive  one  another 
apart,  it  requires  an  external  force  to  keep  them  together. 

Note. — In  gases  the  molecules  are  thought  to  be  in  motion 
like  gnats  in  the  air  ;  in  liquids,  like  men  moving  through  a 
crowd  ;  in  solids,  the  motion  of  each  molecule  is  like  that  of  a 

^  The  cohesive  force  of  water  is  at  least  132  lbs.  per  square 
inch. — Maxwell. 
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man  in  a  dense  crowd,  where  it  is  almost  or  quite  impossible  to 
leave  his  neighbours,  yet  he  may  turn  around,  and  have  some 
motion  from  side  to  side. 

Practically,  the  condition  of  any  portion  of  matter 
depends  upon  its  temperature  and  pressure  (see  §  128). 
Just  as  at  ordinary  pressures  water  is  a  solid,  a  liquid,  or 
a  gas,  according  to  its  temperature,  so  any  substance  may 
be  made  to  assume  any  one  of  these  forms  unless  a  change 
of  temperature  occasions  a  chemical  change. 

There  are  certain  apparent  exceptions  to  the  last  state- 
ment ;  for  example,  charcoal,  though  it  has  been  vaporised, 
has  never  been  obtained  in  a  liquid  state,  doubtless  because 
sufficient  pressure  has  never  been  used.  Ice  will  change 
to  a  vapour,  but  cannot  be  melted  unless  the  pressure 
exceeds  six  grams  per  square  centimeter.  At  ordinary 
pressure,  iodine  and  camphor  vaporise,  but  do  not  melt. 
Only  within  the  last  few  years  have  physicists  been  able  to 
produce  a  temperature  low  enough  to  solidify  alcohol,  and 
a  temperature  low  enough,  combined  wdth  a  pressure  great 
enough,  to  liquefy  such  gases  as  oxygen,  nitrogen,  and 
hydrogen. 

As  regards  the  temperature  at  wiiich  different  sub- 
stances assume  the  different  states,  there  is  great  diversity. 
Oxygen  and  nitrogen  gases,  or  air, — which  is  a  mixture 
of  the  two, — have  been  liquefied  and  solidified  only  at 
extremely  low  temperatures  ;  and  then,  only  when  the 
intermolecular  attraction  is  aided  by  tremendous  pressure. 
On  the  other  hand,  certain  substances,  as  quartz  and  lime, 
are  liquefied  only  by  the  most  intense  heat  generated  by 
an  electric  current.  The  facts,  summed  up,  are  as  follows  : 
no  one  of  the  three  states  of  matter,  solid,  liquid,  or  gaseous, 
is  peculiar  to  any  substance ;  ^   the  state  that  a  substance 

^  We  probably  should  except  those  compounds  which,  so  far  as 
we  know,  undergo  chemical  change  ^vithout  changing  to  liquids  or 
vapours.  But  even  in  the  case  of  these  it  is  not  impossible  that 
any  one  might  be  liquefied  or  vaporised  without  chemical  change 
could  we  secure  the  necessary  pressure  as  well  as  the  necessary 
temperature. 
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assuiius  depends  solely  on  its  temperature  and  pressure ;  so 
that  every  solid  may  be  regarded  as  simply  matter  in  a 
frozen  state,  every  liquid  as  matter  in  a  melted  state,  and 
every  gas  as  matter  in  a  state  of  vapour.  Every  liquid 
lias  been  solidified  and  volatilised,  and  every  gas  has  been 
liquefied  and  solidified.  Air  was  one  of  the  last  of  the 
gases  to  surrender  its  reputation  of  being  a  "  permanent 
gas."  Not  till  the  year  1878  was  it  reduced  to  lumps. 
We  may  predict  the  future  of  our  globe.  If  its  heat 
increases  sufficiently,  the  whole  world  will  become  a  thin 
gas.  If  its  heat  diminishes  indefinitely,  that  is,  until  all 
molecular  motion  ceases,  all  earth  and  air  will  become  a 
solid  mass. 

PHENOMENA    OF    ATTRACTION 

According  to  the  circumstances  under  which  attraction 
acts,  we  have  the  various  phenomena  called  gravitation, 
cohesion,  adhesion,  capillarity,  chemism,  and  magnetism. 
Sometimes  these  terms  are  used  as  names  of  the  unknown 
forces  that  cause  the  phenomena. 

§  18.  Gravitation. — That  attraction  which  exists 
between  all  matter,  at  all  distances,  is  called  gravitation. 
Gravitation  is  universal,  that  is,  every  molecule  of  matter 
attracts  every  other  molecule  of  matter  in  the  universe. 
The  whole  force  with  which  two  bodies  attract  each  other 
is  the  sum  of  the  mutual  attractions  of  their  molecules, 
and  depends  upon  the  number- of  molecules  the  two  bodies 
individually  contain,  and  the  mass  of  each  molecule.  The 
whole  attraction  between  an  apple  and  the  earth  is  equal 
to  the  sum  of  the  attractions  between  every  molecule  in 
the  apple  and  every  molecule  in  the  earth. 

§  19.  Weight. — It  is  scarcely  necessary  to  state,  that 
what  is  understood  by  the  weight  of  a  body  is  the  pressure 
it  exerts  in  a  vertical  direction,  and  is  (approximately  at 
least)  the  mutual  attraction  between  it  and   the   earth. 
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The  term  mass  is  equivalent  to  tlie  expression  quantity  of 
matter.  We  assume  that,  at  the  same  point  on  the  surface 
of  the  earth,  weight  is  proportional  to  mass.  Why  do  we 
weigh  articles  of  trade,  such  as  sugar  and  tea  ? 

§  20.  Does  the  Apple  attract  the  Earth  with 
as  much  Force  as  the  Earth  attracts  the  Apple  ? 

— Let  us  examine  this  question.  First  assume  that  the  mole- 
cules of  the  apple  and  the  earth  have  equal  masses,  i.e.  are 
homogeneous  ;  then  it  is  evident  that  the  attraction  of  any 
molecule  in  the  apple  for  any  molecule  in  the  earth  is  equal  to 
the  attraction  of  any  molecule  in  the  earth  for  any  molecule  in 
the  apple.  That  is,  if  the  earth  and  the  apple  consisted  each 
of  a  single  like  molecule,  their  attractions  for  each  other  would 
be  equal.  Now,  suppose  that  the  apple  contains  two  and  the 
earth  five  such  molecules.  Let  the  force  Avith  which  one 
molecule  attracts  another  be  represented  by  n.  Now  if  each 
molecule  of  the  apple  attracts  the  five  molecules  in  the  earth 
with  a  force  of  5  ?i ;  the  two  molecules  in  the  apple  would 
attract  the  earth  with  a  force  of  10  n.  On  the  other  hand, 
each  molecule  of  the  earth  attracts  the  two  molecules  of  the 
apple  with  a  force  of  2  n,  and  the  five  molecules  in  the  earth 
would  atti'act  the  apple  with  a  force  of  10  n.  It  is  obvious 
that  the  same  course  of  reasoning  will  apply  in  case  the  attrac- 
tion is  between  two  molecules  whose  masses  differ,  and  conse- 
quently between  all  bodies  of  whatever  mass  or  substance. 
Hence  does  it  appear  that  a  body  of  small  mass  attracts  a 
body  of  large  mass  as  strongly  as  the  latter  attracts  the  former  ? 

If  the  apple  atti'acts  the  earth  as  strongly  as  the  earth 
attracts  the  apple,  why  does  not  the  earth  rise  to  meet  the 
apple  ?  Let  us  examine  a  similar  case.  Suppose  that  a  man 
in  a  boat  pulls  on  a  rope  attached  to  a  ship.  His  pulling 
draws  the  boat  to  the  ship  ;  but  the  ship  does  not  appear  to 
move.  But  if  five  hundred  men,  in  as  many  boats,  pulled 
together,  the  ship  would  be  seen  to  move.  Did  one  man  pro- 
duce no  motion  ?  If  so,  then  would  the  five  hundred  men 
produce  no  motion,  since  five  hundred  times  nothing  is  nothing. 

You  will  learn,  in  the  next  chapter,  that  the  space  tlirough 
which  a  given  force  moves  a  free  body  in  a  given  time  varies 
inversely  as  the  mass  of  the  body.  Does  this  fact  explain  the 
foregoing  phenomena  ? 
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§  21.  The  Force  of  Gravity  varies  with  the 
Distance  from  the  Centre. — Observations  made  in 
various  ways  sliow  that  the  force  of  gravity  varies  over 
the  surface  of  the  earth.  It  can  be  proved  by  geometrical 
methods  that  a  sphere,  composed  of  homogeneous  spherical 
shells,  acts  upon  a  molecule  without  it  as  though  all  its 
attractive  force  w^ere  concentrated  at  its  centre.  Now  it 
is  found  that  the  nearer  an  object  without  the  earth's  surface 
is  to  the  centre  of  the  earth  the  greater  is  the  force  of 
gravity.  The  polar  diameter  of  the  earth  is  about  twenty- 
six  miles  less  than  its  equatorial  diameter,  and,  consequently, 
the  distance  from  the  centre  to  the  surface  at  the  poles  is 
thirteen  miles  less  than  to  the  surface  at  the  equator.  This 
considerable  difference  in  distance  from  the  centre  occasions 
an  appreciable  difference  between  the  weight  of  a  body 
(having  any  considerable  mass)  at  the  equator  and  its 
weight  at  the  poles  ;  and,  since  the  distance  of  the  surface 
from  the  centre  constantly  increases  as  we  go  from  the 
poles  towards  the  equator,  the  weight  of  all  objects 
transported  from  the  poles  toward  the  equator  constantly 
diminishes. 

You  will  now  see  one  reason  why  the  statement  that 
"  weight  is  proportional  to  mass  "  (§  19)  must  be  restricted 
to  a  comparison  of  masses  at  the  same  place  and  at  the  same 
altitude  only.  The  propriety  of  making  a  distinction 
between  the  terms  mass  and  weight  is  also  apparent,  as 
that  which  is  called  mass  does  not  change  when  a  body  is 
transferred  from  place  to  place,  while  that  which  is  called 
weight  may  change. 

It  is  obvious  that  any  object  raised  above  the  earth's 
surface,  as  in  a  balloon,  must  weigh  less  than  at  the  surface 
of  the  earth.  But  the  heights  with  which  we  commonly 
have  to  deal  in  our  exj)eriments  are  so  small  in  comparison 
with  the  earth's  radius,  that  the  differences  in  weight  due 
to  differences  in  height  at  a  given  place  can  scarcely  be 
detected  by  most  delicate  tests. 

It  may  be  proved  that  if  the  earth  were  of  uniform 
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density,  bodies  carried  below  its  surface  would  lose  in 
weight  as  the  distance  below  tlie  surface  increases.  At 
one-fourth  the  distance  to  the  centre  there  would  be  a  loss 
['  of  one-fourth  the  weight.  At  one-half  the  distance  the 
weight  would  be  one-half  ;  and  at  the  centre  nothing.  Is 
weight  an  essential  property  of  matter?  State  certain 
conditions  on  which  a  body  would  have  no  weight. 

The  terms  up  and  doivn  are  derived  from  the  attraction 
between  the  earth  and  terrestrial  objects.  Down  is  the 
direction  in  which  a  body  falls  or  tends  to  move  in  con- 
sequence of  gravitation,  and  is  (at  least  approximately) 
towards  the  centre  of  the  earth.  Up  is  the  opposite 
direction.  It  is  apparent  that  the  up  and  down  of  one 
place  cannot  be  the  same  direction  as  the  up  and  do^vn  of 
any  other  place. 

It  may  be  experimentally  demonstrated  that :  The 
intensity  of  the  attraction  of  gravity  between  two  bodies,  each 
of  which  lies  without  the  other,  varies  directly  as  the  product 
of  the  measures  of  their  masses,  and  inversely  as  the  square  of 
the  distance  between  their  centres  of  gravity.  This  may  be 
expressed  thus  :  Let  m  denote  the  measure  of  the  mass 
of  A  and  n  the  measure,  in  terms  of  the  same  unit,  of  the 
mass  of  B,  and  let  s  denote  the  measure  of  the  distance 
between  the  centre  of  gravity  of  A  and  the  centre  of 

gravity  of  B  ;  then  '-^  is  a  measure  of  the  attraction  of 
gravity  between  A  and  B. 

The  foregoing  statement  of  fact  is  called  the  Law  op 
Gravitation.  This  law  was  discovered  and  demonstrated 
by  Sir  Isaac  Newton,  and  a  knowledge  of  it  and  of  the 
principles  of  motion  enables  us  to  understand,  among 
other  things,  the  movements  of  the  earth,  the  moon,  and 
the  planets. 

QUESTIONS 

1.  If  the  earth's  mass  were  doubled  without  any  change  of 
volume,  how  would  it  affect  yom*  weight  ? 
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2.  On  what  principle  do  you  determine  that  the  mass  of  one 
body  is  ten  times  the  mass  of  another  body  ? 

3.  To  what  extent  must  you  increase  the  distance  between 
the  centres  of  gravity  of  two  bodies  that  their  attraction  may 
become  one-fom-th  of  what  it  was  at  first  ? 

4.  If  a  body  on  the  surface  of  the  earth  is  4000  miles  from 
the  centre  of  gravity  of  the  earth,  and  weighs  at  this  place  1 00 
pounds,  what  would  the  same  body  weigh  if  it  were  taken  4000 
miles  above  the  earth's  surface,  it  being  weighed  with  a  spring- 
balance  in  both  cases  ? 

5.  The  masses  of  the  planets  Mercury,  "Venus,  Earth,  and 
Mars  are  respectively  veiy  nearly  as  7,  79,  100,  and  12  ; 
assuming  that  the  distance  between  the  centres  of  the  first  two 
is  the  same  as  the  distance  between  the  centres  of  the  last  two, 
how  would  the  attraction  between  the  fii'st  two  compare  with 
the  attraction  between  the  last  two  ? 

6.  What  would  be  the  answer  to  the  last  question  if  the 
distance  between  the  centres  of  the  first  two  were  four  times  the 
distance  between  the  centres  of  the  last  two  ? 

7.  Would  the  weight  of  a  soldier's  knapsack  be  sensibly  less 
if  it  were  carried  on  the  top  of  his  rifle  ? 

8.  If  an  iron  pound-weight  and  a  pound  of  sugar  were 
balanced  with  ordinary  scales  at  the  equator,  and  transported 
to  one  of  the  poles  of  the  earth,  would  they  cease  to  balance 
each  other  ? 

9.  If  the  same  quantity  of  sugar  be  suspended  from  a  spring- 
balance  at  the  pole  and  at  the  equator,  will  this  instrument 
indicate  just  a  pound  in  both  cases  ?  If  not,  in  which  case  will 
it  indicate  the  most  ? 

10.  Imagine  yourself  at  the  centre  of  the  earth.  In  what 
direction  must  you  turn  your  face  in  order  to  look  up  ? 

11.  Imagine  a  pereon  at  one  of  the  poles,  and  another  at 
the  equator,  to  be  looking  down.  Would  they  both  look  in* 
the  same  direction  ? 

12.  Draw  a  circle  to  represent  the  earth,  and  a  line  to 
represent  the  direction  in  which  each  i)ei'Son  would  look. 

13.  To  what  is  "water  power"  due  ? 

14.  To  what  are  the  tides  due  ? 

15.  Which  is  more  difficult,  to  ascend  or  to  descend  a  hill, 
and  why  ? 

16.  The  earth  has  about  81  times  as  much  matter  in  it  as 
the  moon,  and  its  diameter  is  about  4  times  that  of  the  moon. 
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At  which  body  would  you  weigh  more?  Applying  the  "law 
of  gravitation,"  compare  your  weight  at  the  surface  of  the  earth 
with  your  weight  at  the  surface  of  the  moon. 

17.  Is  there  a  place  between  the  two  bodies  at  which  you 
would  weigh  nothing  ?     If  so,  why  ?     Where  is  it  ? 

18.  How  far  does  the  earth's  attraction  extend  ? 

19.  Which  would  you  prefer,  a  pound  of  gold  weighed  with 
a  spring-balance  at  the  sm-face  of  the  earth,  or  a  pound  similarly 
weighed  3,000,000°^  below  the  surface  ? 

§  22.  Cohesion. — That  attraction  which  holds  the 
molecules  of  the  same  substance  together,  so  as  to  form 
larger  bodies,  is  called  coliedon.  It  is  the  force  that 
prevents  our  bodies,  and  all  bodies,  from  falling  down 
into  a  mass  of  dust.  It  is  that  force  which  resists  a  force 
tending  to  break  or  crush  a  body.  It  is  greatest  in  solids, 
usually  less  in  liquids,  and  very  weak  in  those  substances 
which  are  gases  at  ordinary  temperature  and  pressure.  Its 
effect  is  noticeable  only  at  insensible  distances,  and  it  is 
strictly  a  molecular  force.  When  once  the  cohesion  is 
overcome,  so  as  to  separate  the  molecules  even  a  very  little, 
it  is  difficult  to  force  them  near  enough  to  one  another 
for  this  force  to  become  eflFective  again.  Broken  pieces  of 
glass  and  crockery  cannot  be  so  nicely  readjusted  that  they 
will  hold  together.  Yet  two  polished  surfaces  of  glass, 
placed  in  contact,  will  cohere  quite  strongly.  Or  if  the 
glass  is  heated  till  it  is  soft,  or  in  a  semi-fluid  condition, 
then,  by  pressure,  the  molecules  at  the  two  surfaces  may  be 
made  to  flowaround  one  anotherand  pack  themselves  closely 
together,  and  the  tw^o  bodies  w411  become  firmly  united. 
This  process  is  called  welding.  In  this  manner  iron  is  welded. 

Cohesive  force  varies  greatly  in  difi'erent  sulistances, 
probably  according  to  the  variation  in  the  nature,  form, 
and  arrangement  of  the  molecules  of  which  they  are  com- 
posed. These  modifications  of  the  force  of  attraction  of 
cohesion  give  rise  to  certain  conditions  of  matter,  designated 
as  crystalline,  amorphous,  hard,  flexible,  elastic,  bi'ittle,  viscous, 
malleable,  ductile,  and  tenacious. 
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§  23.  Crystalline  and  Amorphous  Conditions 
of  Matter. — If  our  vision  could  be  rendered  keen  enough 
to  enable  us  to  see  and  examine  tlie  molecular  structure 
of  different  substances,  to  look  into  their  bodies,  as  we 
look  into  the  starry  heavens,  and  observe  the  positions, 
the  sj)aces,  and  the  arrangement  of  that  unexplored  world, 
there  would  undoubtedly  be  unfolded  to  us  wonders  and 
beauties  of  which  we  have  never  di'eamed.  We  should 
probably  behold  an  endless  variety  of  arrangement  among 
the  molecules,  "We  might  learn  why  it  is  that  although 
the  molecule  of  the  diamond,  of  graphite,  and  of  charcoal 
is  the  same  (i.e.  the  same  substance),  we  get,  possibly  by 
different  arrangement  and  different  behaviour  of  molecular 
forces,  the  hard,  transparent,  and  brilliant  diamond  in 
the  one  case,  the  soft,  opaque,  metallic-looking  graphite  in 
another,  and  finally  the  porous,  black,  and  shapeless 
charcoal. 

Obtain  a  jDiece  of  mica  and  a  piece  of  chalk,  and  attempt 
to  cut  them  in  two,  by  applying  the  knife  in  different 
directions.  You  find  that  you  can  easily  cleave  the  mica 
in  one  direction,  and  obtain  a  smootli,  shining  surface. 
This  is  called  its  plane  of  cleavage.  Cut  it  in  any  other 
direction,  and  you  get  rough  and  ragged  surfaces.  The 
chalk  may  be  cleft  in  one  direction  as  well  as  another, 
and  in  no  direction  can  a  smooth  surface  be  obtained. 
We  learn  l^y  these  trials  that  matter  may  have  method  in 
its  arrangement,  or  possess  definite  structure. 

When  matter  exhibits  structure  or  method  in  its  mole- 
cular arrangement,  it  is  said  to  be  crystalline.  Examples 
of  crystalline  arrangement  are  mica,  Iceland  spar,  and 
carbon  in  the  form  of  diamond.  When  the  molecular 
arrangement  of  matter  is  methodless  or  structureless,  the 
matter  is  said  to  be  cmiorpJwus.  Examj^les  of  amorphous 
matter  are  chalk,  glue,  glass,  and  carbon  in  the  form  of 
charcoal. 

Experiment  1. — Pulverise  20^  of  alum,  and  dissolve  in  50*^*"" 
of  hot  water  ;  suspend  a  thread  in  the  solution,  and  put  it 
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away  where  it  can  quietly  and  slowly  cool.  The  process  by 
which  matter,  in  solidifying,  assumes  a  structui-al  condition  is 
called  ci-ystallisation,  and  bodies  which  have  acquired  regular 
shai>e  by  this  process  are  called  crystals.  Obtain  crystals  of 
saltpetre,. of  blue  vitriol,  and  of  potassium  bichromate,  by  dis- 
solving as  much  as  possible  of  these  substances  in  hot  water, 
and  allowing  the  solutions  to  cool,  always  slowly  and  quietly. 

Experiment  2. — Thoroughly  clean  a  piece  of  window-glass, 
and  pour  upon  it  a  hot  concentrated  solution  (see  §  36)  of 
ammonium  chloiide  or  of  saltpetre.  Allow  the  liquid  to  drain 
off,  and  hold  it  up  to  the  sunlight.  What  do  you  observe  ? 
What  is  it  that  is  going  on  before  your  eyes  ? 

Very  interesting  illustrations  of  crystallisation  are  those 
delicate  lacelike  figures  which  follow  the  touch  of  frost  on 
the  window-pane.  Fig.  10  represents  a  few  of  more 
than  a  thousand  forms  of  snowflakes  that  have  been  dis- 
covered, resulting,  we  may  readily  believe,  from  a  variety 
of  arrangement  of  the  water  molecules. 

Nature  teems  with  crystals.  Nearly  every  kind  of 
matter,  in  passing  from  the  liquid  state  (whether  molten 
or  in  solution)  to  the  solid  state,  tends  to  assume  sym- 
metrical forms.  Crystallisation  is  the  rule ;  amm-phism,  the 
exception.  Break  open  a  sugar-loaf,  and  you  will  find  the 
surface  fracture  composed  of  small,  shining,  crystalline 
surfaces.  You  can  scarcely  j^ick  up  a  stone  and  break  it, 
without  finding  crystalline  fracture.  Every  piece  of  ice 
is  a  mass  of  crystals,  so  closely  packed  together  that  the 
individuals  are  not  distinguishable. 

§  24.  CHiange  of  Volume  by  Crystallisation. — 
This  tendency  of  matter  to  structural  arrangement  is  not 
only  very  interesting,  but  very  important  in  the  arts.  It 
is  very  natural  to  suppose  that  the  new  arrangement  of 
molecules,  when  passing  from  the  liquid  to  the  solid  state, 
should  occasion  a  change  in  volume.  We  are  able  to 
understand  how  it  is  possible  that  water,  in  freezing,  dis- 
regards the  law  of  contraction  by  cold,  and  that  the 
molecules  are  not  found  so  closely  packed  together,  in  the 
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hew  and  structural  state,  as  when  mingled  without  any 
systematic  arrangement. 

The  force  exerted  by  the  molecules  in  changing  posi- 
tions is  so  enormous  as  to  burst  the  strongest  vessels. 


Hence  our  service-pipes  are  burst  wlien  water  is  allowed 
to  freeze  in  them.  Huge  rocks  are  dislodged  from  their 
resting-places  in  the  native  quarry  on  the  mountain-side 
by  water   getting  into  the   crevices,  freezing,  expanding 
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year  after  year,  and  pushing  tlie  rocks  from  their  support. 
Cast-iron  and  many  alloys,  such  as  type-metal,  expand  on 
Bolidifying.  Such  metals  may  be  cast  in  moulds,  since, 
in  expanding,  they  fill  all  the  minute  ca\^ties  of  the 
mould.  Most  metals  contract  on  solidifying.  Hence 
gold,  silver,  and  copper  coins  require  to  be  stamped. 
Cast-iron,  when  broken,  exhibits  a  crystalline  fracture. 
Wrought-iron,  when  subjected  to  long-continued  jarring, 
— for  instance,  in  the  axles  of  carriage-wheels  and  iron 
cannon, — becomes  very  brittle,  and,  when  broken,  exhibits 
a  very  marked  crystalline  fracture  which  it  would  not 
have  showTi  before  long  use.  It  is  probable  that  the 
molecules  of  iron,  when  shaken  up  by  the  jarring,  are 
free  to  arrange  themselves  in  their  peculiar  method,  and 
that,  in  this  new  arrangement,  the  iron  is  more  subject  to 
cleavage  along  some  lines  than  when  in  an  amorphous 
condition. 

§  25.  "What  is  the  Cause  of  this  almost  Uni- 
versal Tendency  of  Matter  to  Crystallise  ? — We 
have  no  absolute  knowledge  of  the  doings  in  the  molecular 
world.  But  we  have  very  satisfactory  methods  of  judging. 
Analogy  is  the  light  by  which  we  must  frequently  explore 
inaccessible  space.  We  determine  the  laws  that  govern 
large,  tangible  masses,  and  from  these  we  infer  the  laws 
that  govern  small,  intangible  bodies,  such  as  molecules. 
Let  us  adopt  this  method  in  attempting  to  unravel  the 
mystery  before  us. 

Experiment  1. — Take  two  cambric  needles,  and  draw  each 
several  times,  from  the  eye  to  the  point,  over  the  same  end  of 
a  magiiet.  Now  suspend  each  needle  by  a  thread,  so  that  it 
will  be  balanced  in  a  horizontal  position.  Bring  the  eye  of 
one  near  the  point  of  the  other.  Bring  the  middle  of  one  near 
the  middle  of  the  other.  Bring  the  point  of  one  near  the 
point  of  the  other.  Bring  the  eye  of  one  near  the  eye  of  the 
other.  AVhat  is  the  result  in  each  case  ?  The  opposite 
character  which  the  ends  of  the  needle  exhibit  we  will  call 
folarUy, 
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Now,  break  one  of  the  needles  into  two  pieces,  and  experi- 
ment as  before.  Break  one  of  these  into  still  smaller  pieces, 
and  the  smallest  piece  that  you  can  obtain  possesses  jiolarity, 
as  certainly  as  the  original  needle.  Imagine  the  work  of 
division  to  be  continued  till  the  molecule  is  reached.  Is  it 
too  much  to  assume  that  the  molecule  may  possess  polarity  ? 

Throw  a  dozen  of  these  magnetised  needles  on  a  sheet  of 
paper,  and  shake  them  about.  Do  they  group  themselves  Avith 
any  appearance  of  regularity  ?  If  two  are  to  form  a  rigid 
group,  how  must  they  be  arranged  ?  How  is  it  with  a  group 
of  three  ? 

Experiment  2. — Next  place  a  magnet  beneath  a  sheet  of 
paper,  and  sift  iron  filings  over  it.  Gently  tap  the  paper. 
The  result  reminds  us  of  the  effect  of  jarring  on  the  carriage- 
axle  and  the  cannon,  where  molecules,  disturbed  tend  to 
arrange  themselves  according  to  some  guiding  principle.  Next, 
lay  the  magnet  on  a  bed  of  iron  filings,  and  then  raise  it. 
Carefully  examine  the  result. 

We  pass  readily  from  these  facts  to  conclusions  respecting 
the  molecular  arrangement  in  the  crystal.  Only  gi-ant  the 
supposition  that  the  molecule  is  endowed  with  something 
similar  to  polarity,  and  we  can  picture  to  ourselves  the  mole- 
cules, like  the  magnetised  iron  filings,  wheeling  into  line  in 
obedience  to  their  i)olar  forces.  Crystals  are  more  easily  cleft 
in  some  directions  than  in  others  ;  may  not  this  be  accounted 
for  by  supposing  that,  like  the  magnet,  the  attraction  on  some 
sides  of  the  molecule  is  greater  than  on  others  ? 

§  26.  Hardness. — Name  some  metal  that  you  can 
scratch  witli  a  finger-nail.  See  if  you  can  scratch  a  piece 
of  copper  with  a  piece  of  lead,  and  vice  versa.  Get  speci- 
mens of  as  many  as  possible  of  the  following  substances  : 
talc,  chalk,  glass,  quartz,  iron,  silver,  lead,  copper,  rock- 
salt,  and  marble.  Ascertain  which  of  them  will  scratch 
glass,  and  which  are  scratched  by  glass.  What  term 
do  we  employ  in  speaking  of  those  substances  that  are 
easily  scratched  1  To  those  that  are  scratched  with  diffi- 
culty ?  Which  is  the  softest  metal  that  you  have  tried  ? 
The  hardest  ?  Which  is  the  softer  metal,  iron  or  lead  ? 
Which  is  the  more  dense  metal  ?     Does  hardness  depend 
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upon  density  ?     What  force  must  be  overcome  in  order  to 
scratch  a  substance  ?     When  will  one  substance  scratch 

i another  ? 
To  enable  us  to  express  degrees  of  hardness,  the  follow- 
ing table  of  reference  is  generally  adopted  : — 


MOHRS  SCALE  OF  HARDNESS 

1.  Talc.  6.  Orthoclase  (Feldspar). 

2.  Gypsum  (or  Rock-Salt).  7.  Quartz. 

3.  Calcite.  8.  Topaz. 

4.  Fluor-Spar.  9.  Corundum. 

5.  Apatite.  10.  Diamond. 


By  comparing  a  given  substance  with  the  substances 
in  the  table,  its  degree  of  hardness  can  be  expressed 
approximately  by  one  of  the  numbers  used  in  the  table. 
If  the  hardness  of  a  substance  is  indicated  by  the  number 
4,  what  would  you  understa^nd  by  it  ? 

§  27.  Flexibility. — Such  substances  as  may  be  bent, 
or  as  admit  of  a  hinge-like  movement  among  their  mole- 
cules, are  called  flexible. 
What  difference  have  you 
noticed  in  different  jack- 
knife  blades  1  How  can 
you  tell  a  soft  blade  from  Fig.  ii. 

a  hard  blade  ?    If  you  bend 

a  stick,  as  in  Fig.  11,  how  must  the  molecules  on  the 
upper  side  be  affected  ?  How  those  on  the  lower  side  ? 
Make  experiments  in  bending  a  long  thin  glass  rod  or 
tube.  What  conclusions  regarding  the  molecules  of  glass 
do  you  reach  ? 

§  28.  Elasticity. — Obtain  thin  strips  of  the  follow- 
ing substances :  india-rubber,  wood,  ivory,  whalebone, 
steel,  brass,  copper,  iron,  zinc,  and  lead.  Stretch  the 
piece  of  india-rubber.  What  change  in  its  molecular 
condition    must    occur  when    it    is    stretched  ?      What 
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molecular  force  causes  it  to  contract  when  the  stretching 
force  is  removed  ?  Compress  the  india-rubber.  What 
change  of  molecular  condition  takes  place  in  compres- 
sion ?  What  causes  it  to  exj)and  when  the  pressure  is 
removed  ?  Bend  each  one  of  the  above  strips.  Note 
which  completely  unbends  when  the  force  is  removed. 
Arrange  the  names  of  these  substances  in  the  order  of 
the  rapidity,  and  also  in  the  order  of  the  completeness 
with  which  they  unbend. 

What  change  takes  place  among  the  molecules  on  the 
concave  side  of  the  bent  strips  ?  What,  among  the 
molecules  on  the  convex  side  ?  What  two  forces  are 
concerned  in  the  unbending  ?  Twist  the 
cord  of  a  window-tassel.  What  causes 
it  to  untwist  ?  The  property  which 
matter  possesses  of  recovering  its  former 

Im       shape  and  volume,  after  having  yielded 
^       to  some  external  force,  is  called  elasticity. 
To  M'hat  forces  is  elasticity  due  ?     Does 
all  matter  possess  this  property  in  the 
I         same  degree  ?     Does  the  india-rubber 
I    I    I     possess  the  same  ability  to  unbend  as 
to  contract  after  being  stretched  ?     In 
^  j>        w^hat   four   ways  have  you  tested  the 

V,.    ,^  elasticity  of  substances?     Does  a  sub- 

Fig.  12.  "^  e  - 

stance  possess  equal  power  ot  recovering 

its  form  after  yielding  to  each  of  these  four  methods  of 

applying  force  ?      Why  are  pens  made  of  steel  ?     What 

moves  the  machinery  of  a  watch  1     What  is  the  cause  of 

the  softness  of  a  hair  mattress  or  of  a  feather-bed  ? 


A  common  spring-balance  used  for  weighing  consists  of  a 
steel  spring  wound  into  a  coil.  The  weight  of  the  body  to  be 
weighed  straightens  or  draws  out  the  spring.  A  pointer 
moving  over  a  plate  which  is  divided  into  equal  parts  shows 
how  much  the  spring  has  been  drawn  out.  With  known 
weights  experiment  with  the  spring-balance  to  ascertain  the 
relation  between  the  di-awing  out  of  the  spring  and  the  stress 
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which  produces  that  drawing  out.  State  the  result  in  the 
form  of  a  "law"  {i.e.  make  a  general  statement  based  upon 
your  several  observations).  The  entire  virtue  of  this  apparatus 
consists  in  the  elasticity  of  the  spring,  or  its  jwwer  to  recover 
its  original  form  after  being  drawn  out.  Give  other  illustra- 
tions of  the  application  of  elasticity  to  practical  purposes. 

Any  alteration  in  the  form  of  a  body  due  to  the 
application  of  a  force  is  called  a  strain^  and  the  force  by 
which  the  strain  is  produced  is  called  the  stress.  A  body 
>vhich,  having  experienced  a  strain  due  to  a  certain  stress, 
completely  recovers  its  original  condition  when  the  stress 
is  removed,  is  said  to  be  perfectly  elastic.  Liquids  and 
gases  are  perfectly  elastic  (see  §  97).  Solids  are  perfectly 
elastic  up  to  a  certain  limit,  which  varies  greatly  in 
different  substances.  If  the  strain  exceeds  a  certain  limit, 
the  form  of  the  solid  becomes  permanently  altered,  and 
the  state  of  the  body,  when  the  permanent  alteration  is 
about  to  take  place,  is  called  the  limit  of  perfect  elasticity. 
In  soft  or  plastic  bodies  this  limit  is  soon  reached.  "What 
is  the  result  of  overloading  carriage  springs  ? 

§  29.  Brittleness.  —  Apply  sharp  blows  with  a 
hammer  to  each  of  the  sul^stances  whose  hardness  you 
have  tested  (§  26),  and  ascertain  which  are  the  most 
easily  broken  or  pulverised.  Observe  that  some  sub- 
stances suffer  a  permanent  change  in  form  when  subjected 
to  a  stress  which  exceeds  their  limit  of  elasticity,  while 
others  break  before  there  is  any  permanent  alteration  in 
form.  The  latter  are  said  to  be  brittle.  Name  substances 
which,  from  your  own  ohservfitioiij  you  know  to  be  "  brittle." 

§  30.  Viscosity. — Support  in  a  horizontal  position, 
at  one  of  its  extremities,  a  stick  of  sealing-wax,  and  sus- 
pend from  its  free  extremity  a  small  weight,  and  let  it 
remain  in  this  condition  several  days,  or  perhaps  weeks. 
At  the  end  of  the  time  the  stick  will  be  found  per- 
manently bent.  Had  an  attempt  been  made  to  Ijend  the 
stick   quickly,  it  would   have   been   found   quite  brittle. 
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A  body  which,  subjected  to  a  stress  for  a  considerable 
time,  suffers  a  permanent  change  in  form,  is  said  to  be 
VISCOUS.  Hardness  is  not  opposed  to  viscosity.  A  lump 
of  pitch  may  be  quite  hard,  and  yet  in  the  course  of  time 
it  will  flatten  itself  out  by  its  own  weight,  and  flow  down 
hill  like  a  stream  of  syrup.  Liquids  like  treacle  and 
honey  are  said  to  be  viscous,  in  distinction  from  limj)id 
liquids  like  water  and  alcohol. 

§  31.  Malleability  and  Ductility. — Some  sub- 
stances possess,  in  the  solid  state,  a  certain  amount  of 
fluidity  ;  that  is,  their  molecules  may  be  displaced  without 
overcoming  their  cohesion.  Place  a  piece  of  lead  on  an 
anvil,  and  hammer  it.  It  spreads  out  under  the  hammer 
into  sheets,  without  being  broken,  though  it  is  evident  that 
the  molecules  have  moved  about  among  one  another,  and 
assumed  entirely  different  relative  positions.  Heat  a 
jjiece  of  soft  glass  tube  in  a  gas-flame,  and,  although  the 
glass  does  not  become  a  liquid,  it  behaves  very  much  like 
a  liquid,  and  can  be  drawn  out  into  very  fine  threads. 
When  a  solid  possesses  sufficient  fluidity  to  admit  of  being 
drawn  out  into  threads,  it  is  said  to  be  ductile}  When 
it  will  admit  of  being  hammered  or  rolled  into  sheets,  it 
is  said  to  be  malleable.^ 

As  might  be  expected,  those  substances  tJuit  are  ductile  are 
also  malleable.  But  the  same  substance  does  not  usually  pos- 
sess the  two  properties  in  an  equal  degree.  Platinum  is  the 
most  ductile  metal.  It  can  be  drawn  into  wire  finer  than  a 
spider's  thread.  It  is  the  seventh  metal  in  the  rank  of  mal- 
leability. Gold  is  the  most  malleable  metal.  It  can  be 
hammered  into  leaves  so  thin,  that  it  would  require  300,000 
to  make  a  book  one  inch  thick.  It  ranks  next  to  i>latinum  in 
ductility.  Iron,  at  a  red  heat,  is  very  malleable  and  ductile. 
What  metals  can  be  drawn  into  wii'es  ?  What  metals  can  be 
rolled  or  hammered  into  sheets  ? 

§  32.  Tenacity. — In  order  that  a  substance  may  be 
^  Ductile,  draio-ahle.         ^  Malleable,  as  it  were  mallet-able. 
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ductile,  it  is  evident  that  there  must  exist  strong  cohesion 
among  its  molecules,  and  that  this  cohesion  is  not  weak- 
ened by  the  change  in  the  mere  aiTangement  of  the 
molecules  which  results  from  the  drawing  out.  The 
power  that  matter  possesses  of  resisting  rupture,  })y  a 
pulling  force,  is  called  tenacity}  A  body  may  he  tenacioics 
icithout  being  ductile,  but  it  cannot  be  ductile  without  being 
tenacious.  It  is  remarkable  thjit  the  tenacity  of  most  metals 
is  increased  by  being  drawn  out  into  wires.  It  would 
seem  that,  in  the  new  arrangement  which  the  molecules 
assume,  the  cohesion  is  stronger  than  in  the  old.  Hence 
cables  made  of  iron  wire  twisted  together,  so  as  to  form 
an  iron  rope,  are  stronger  than  iron  chains  of  equal 
weight  and  length,  and  are  much  used  instead  of  chains, 
where  great  tensile  strength  is  required. 

§  33.  Adhesion. — Grasp  with  your  finger  a  piece  of 
gold-leaf,  and,  honest  as  you  may  be,  it  will  stick  to  your 
fingers ;  it  will  not  drop  off,  it  cannot  be  shaken  off,  and 
to  attempt  to  pull  it  off  is  to  increase  the  difficulty.  Dust 
and  dirt  stick  to  clothing.  Thrust  your  hand  into  water, 
and  it  comes  out  wet.  You  can  climb  a  pole,  because 
your  hands  stick  to  the  pole  ;  but  if  the  pole  is  greased, 
climbing  is  not  so  easy.  We  could  not  pick  anything  up, 
.or  hold  anything  in  our  hands,  were  it  not  that  these 
things  stick  to  the  hands. 

Every  minute's  experience  teaches  us  that  not  only  is 
there  an  attractive  force  between  molecules  of  the  same 
kind  of  matter,  but  there  is  also  an  attractive  force 
between  molecules  of  unlike  matter.  That  force  which 
causes  unlike  substances  to  cling  together,  is  called  adhesion. 
Is  adhesion  a  molar  or  a  molecular  force  ?  How  does  it 
differ  from  cohesion  ?  Why  do  not  gold  watches,  and 
other  articles  of  gold  jewellery,  appear  to  stick  to  the 
fingers  ?  What  keeps  nails,  driven  into  wood,  in  their 
places  ?     What  would  happen  if  all  adhesion  between  the 

^  Tenacity,  property  of  holding. 
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different  parts  of  the  building  you  are  in  should  be 
suddenly  destroyed  ?  When  a  liquid  sticks  to  a  solid, 
what  term  do  we  usually  employ  in  describing  the 
phenomenon  ? 

Experiment  1 — Shake  a  small  quantity  of  olive-oil  in 
water,  and  observe  the  form  assumed  by  the  fragments  of  oil 
as  they  rise  through  the  water.  Does  this  experiment  indicate 
that  the  adhesion  between  the  oil  and  water  or  the  cohesion  in 
the  oil  is  the  stronger  ? 

Experiment  2. — Suspend  a  plate  of  glass,  about  80*""  square, 
from  one  arm  of  a  scale-beam,  attaching  the  threads  to  the  plate 

with  sealing-wax.     Balance 


-A 


di 


it,  and  place  a  dish  of  water 
",  X  under  the  glass,  so  that  its 

'  f  under  surface  will  just  touch 

the  surface  of  the  water. 
Add  small  weight  until  the 
glass  leaves  the  water.  Ex- 
amine the  under-side  of  the 

"^  ■       ■   glass.     Have  you  separated 

Pig_  12.  the  glass  from  the  water, 

or  have  you  torn  the  water 

apart  ?     Do  you  infer  from  your  experiment  that  the  adhesion 

between  the  glass  and  the  water,  or  the  cohesion  in  the  water  is 

the  greater  ? 

Glass  is  wet  by  water,  but  is  not  wet  by  mercury.  Is^ 
there  no  adhesion  between  mercury  and  glass  1 

Experiment  3. — Substitute  mercury  for  water  in  the  last 
experiment.  Do  you  find  any  indication  of  adhesion  ?  Is  it 
greater  or  less  than  that  between  glass  and  water  ? 

It  is  probable  that  there  is  some  adhesion  hetiveen  all 
substances  when  brought  in  contact.  If  a  liquid  adheres  to  a 
solid  more  firmly  than  the  molecules  of  the  liquid  cohere,  then 
ivill  the  solid  be  rvet  by  the  liquid.  If  a  solid  is  not  wet  by 
a  liquid,  it  is  not  because  adhesion  is  wanting,  but  because 
cohesion  in  the  liquid  is  stronger.  That  gases  adhere  to 
solids  is  proved  by  the  phenomena  of  absorption  described 
in  §  37. 
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QUESTIONS 

1.  "Why  will  not  water  wet  articles  that  have  been  gi-eased  ? 

2.  Why  is  it  difficult  to  lift  a  board  out  of  water  flatwise  ? 

3.  Why  does  water  run  down  the  side  of  a  tumbler  when  it 
is  inclined,  instead  of  falling  vertically  ?  Suggest  some  method 
of  preventing  it. 

4.  In  what  does  the  value  of  cement,  glue,  and  mucilage 
consist  ? 

5.  What  property  of  matter  enables  you  to  leave  a  mark 
with  a  pencil  or  crayon  ? 

§  34.  Capillarity. — Examine  the  surface  of  water  in 
a  goblet.     You  find  the  surface  level,  as  in  A  (Fig.  14), 


Pig.  14. 

except  around  the  edge  next  the  glass,  where  the  water  is 
curved  upward  so  as  to  resemble  the  interior  surface  of  a 
watch  glass.  Mercury  placed  in  a  goblet  (B)  has  its  edge 
turned  downward,  resembling  the  exterior  surface  of  a 
watch  glass.  This  seems  to  indicate  a  repulsion  between 
mercury  and  glass.  But  a  previous  experiment  (§  33) 
has  shown  that,  instead  of  repulsion,  there  is  a  slight 
adhesion  between  these  substances. 

Pour  any  liquid  on  a  level  surface  which  it  does  not 
wet, — e.g.  water  on  paraffin  or  wax,  or  mercury  on  glass. 
It   spreads   itself  over   the   surface,  but   the   edges  ai-e 
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everywhere  rounded  or  turned  down  like  the  edges  of 
mercury  in  a  goblet.  Surely  these  rounded  edges  are  not 
caused  by  the  repulsion  of  the  sides  of  a  vessel.  It  has 
been  suggested  that  the  edges  of  all  liquids  will  be  turned 
down  unless  the  adhesion  between  them  and  the  sides  of 
the  vessels  exceeds  the  cohesion  in  the  liquid.  The  glass 
does  not  cause  the  turning  down  of  the  surface  of  mercury 
in  the  goblet,— its  tendency  is  rather  to  prevent  it. 

Tlirust  vertically  two  plates  of  glass  into  water,  and 
gradually  bring  the  surfaces  near  each  other.  Soon  the 
water  rises  between  the  plates,  and  rises  higher  as  the 
plates  are  brought  nearer.  Thrust  a  glass  tube  of  very 
fine  bore  into  water  ;  the  attraction  within  it,  on  all 
sides,  will  raise  the  water  to  twice  the  height  it  would 
reach  when  between  two  plates  whose  distance  apart  is 
equal  to  the  diameter  of  the  bore  of  the  tube.  Thrust  a 
tube  of  the  same  bore  into  alcohol  ;  this  liquid  rises  in 
the  tube,  but  not  so  high  as  water.  The  surfaces  of  both 
the  water  and  the  alcohol  are  concave.  If  the  tube  is 
placed  in  mercury,  the  opposite  phenomena  occur :  the 
mercury  is  depressed,  and  its  surface  is  convex.^  Both 
ascension  and  depression  diminish  as  the  temperature 
increases,  being  greatest  at  the  freezing  j)oint  of  the  given 
liquid,  and  least  at  its  boiling  point.  (What  does  this 
fact  indicate  regarding  the  relative  effects  of  heat  upon 
cohesion  and  upon  adhesion  ? )  Inasmuch  as  the  pheno- 
mena are  best  shown  in  tubes  having  bores  of  the  size  of 
hairs,  they  are  in  such  cases  called  capillanj  ^  phenomenaf 
and  the  tubes  are  called  capillary  tubes. 

The  phenomena  of  capillary  action  are  well  shown  by 
placing  various  liquids  in  U-shaped  glass  tubes,  having 
one  arm  reduced  to  a  capillary  size,  as  A  and  B  in  Fig. 

^  Tlie  scope  of  this  book  will  not  admit  of  an  explanation  of  the 
phenomena  of  capillarity.  The  student  can  find  a  lucid  treatment 
of  this  subject  in  Maxwell's  Theory  of  Heat,  pp.  260-274  ;  also 
under  "Capillary  Action,"  Encydopcedia  BHtannica. 

^  Capillary,  hair-like. 


MATTER  AND  ITS  PROPERTIES 


45 


«    I 


i 


Fig.  15. 


1 5.  Mercury  poured  into  A  assumes  convex  surfaces  in 
botli  arms,  but  does  not  rise  so  high  in  tlie  small  arm  as 
it  stands   in  the  large  arm.       ^  _ 

Pour  water  into  B,  and  all 
the  phenomena  are  reversed. 
C  is  a  glass  tube  containing 
water  and  mercury,  and  show- 
ing the  shapes  that  the  sur- 
faces of  the  two  liquids  take. 
Generalising  the  above 
facts,  we  have  the  four  laws 
of  capillary  action  : — 

I.    Liquids    rise    in    tubes 
when  they  wet  them,  and 

are  depressed  when  they  do  not. 
II.   The    ascension  or  depression    varies    inversely  as  ^   the 

diameter  of  tJie  bore. 
III.  The  ascension  and  depression  vary  with  ^  the  nature  of 

the  substances  employed. 
IV.   TJie  asce^ision  or  depression  varies  inversely  tvith    the 

tempei-ature. 
Illustrations  of  capillary  action  are  abundant.  It 
feeds  the  lamp-flame  with  oil.  It  wets  the  whole  towel, 
if  one  end  is  left  for  a  time  in  a  basin  of  water.  It  draws 
water  into  wood,  and  causes  it  to  swell  with  a  force 
sufficient  to  split  rocks,  and  to  raise  large  weights.  How 
does  a  little  water  in  a  wooden  tub  prevent  its  falling  to 
pieces  ? 

§  35.  Other  Molecular  Phenomena. — Besides  the 
phenomena  we  have  just  studied,  there  are  a  gi-eat  many 
others  dei)ending  in  part  on  molecular  attraction,  l)ut 
much  more  on  the  molecular  motions,  of  which  we  learned 
in  §  5.     Many  of  them  are  quite  familiar  and  imjxjrtant ; 

^  Observe  that  throughout  this  treatise  the  word  as  expresses  an 
exact  proportion.  When  there  is  not  an  exact  proportion,  the 
word  with  is  used. 
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but  the  explanation,  even  when  it  can  be  given,  is  as  yet 
complicated  and  incomplete.  The  principal  names  given 
these  phenomena  are  solution,  absorption,  and  diffusion. 

§  36.  Solution  of  Solids — depends,  probably,  mainly 
on  molecular  attraction.  Hold  a  lump  of  sugar  so  that  it 
will  just  touch  the  surface  of  water.  Soon  water  is  drawn 
up  into  the  pores  of  the  lump  by  capillary  action,  and  the 
whole  lump,  including  the  -^dsi  not  submerged,  becomes 
moist.  Next  you  discover  that  the  lump  becomes  smaller, 
and  slowly  disappears  in  the  water. 

When  a  solid  becomes  diffused  through  a  liquid,  it  is 
said  to  be  dissolved.  The  dissolving  liquid  is  called  a 
solvent,  and  the  resulting  liquid  is  called  a  solution.  It 
has  been  supjDosed  that  a  liquid  will  dissolve  a  solid,  only 
when  tlie  adhesion  between  them  is  greater  than  the  cohesion  in 
the  solid.  A  liquid  always  dissolves  a  solid  more  rapidly 
at  first,  less  rapidly  as  the  adhesion  becomes  more  nearly 
satisfied  ;  and  when  it  is  completely  satisfied,  or  is 
balanced  by  the  cohesion  in  the  solid,  the  liquid  will 
dissolve  no  more  of  the  solid,  and  the  solution  is  said  to 
be  saturated.  When  a  solution  will  take  much  more  of  a 
solid,  it  is  said  to  be  dilute ;  and  concentrated,  when  it  will 
take  little  or  no  more. 

If  the  solid  be  first  jDulverised,  the  liquid  has  more 
surface  on  which  to  act,  and  the  solid  is  dissolved  much 
more  rapidly.  With  few  exceptions,  hot  liquids  dissolve 
solids  more  raj)idly  and  in  greater  quantities  than  cold 
liquids.  What  does  this  fact  indicate  regarding  the  rela- 
tive effects  of  heat  upon  cohesion  and  upon  adhesion  ? 
Compare  your  answer  to  this  question  with  your  answer 
to  a  similar  question  in  §  34.  Does  it  appear  that,  as 
yet,  the  hypotheses  regarding  capillary  attraction  and 
solution  are  satisfactory  ?  Boiling  water  dissolves  three 
times  as  much  alum  as  cold  water  ;  consequently,  when 
a  liot  saturated  solution  of  alum  is  allowed  to  cool,  at 
least  two-thirds  of  the  alum  must  be  restored  to  the  solid 
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state  (see  Exp.  1,  §  23),  while  one-third,  or  the  amount 
that  the  cold  liquid  is  capable  of  dissolving,  remains  in 
solution.  The  remaining  solution  is  called  the  mother- 
liqum:  Lime  and  a  few  other  substances  are  dissolved 
better  in  cold  water.  Crystals  of  such  substances  are  only 
obtained  by  gradual  evaporation  of  the  solvent. 

"Water  is  the  great  solvent.  "When  we  speak  of  the  solu- 
bility of  a  substance,  water  is  always  understood  to  be  the 
solvent,  unless  some  other  liquid  is  specified.  "Why  is  it 
fortunate  that  water  is  so  good  a  solvent  ?  Name  substances 
that  water  does  not  dissolve.  Of  the  many  substances  insoluble 
in  water,  some,  as  phosphorus,  gums,  and  resin,  find  a  solvent 
in  alcohol  ;  sulphur,  in  bi-sulphide  of  carbon  ;  lead,  in  mer- 
cury ;  and  fats,  in  ether  or  benzene.  Would  you  wash  varnislied 
furniture  with  alcohol  ?  How  are  gi'ease-spots  removed  from 
clothing  ? 

§  37.  Absorption  of  Gases  by  Solids — depends 
mainly  on  molecular  attraction,  and  is  generally  superficial. 
Certain  solids  possess  so  strong  an  attraction  for  gases  that 
they  not  only  draw  the  gases  into  the  small  cavities  or 
holes  within  them,  but  greatly  condense  them  there.  It 
should  be  carefully  noted  that  the  attraction  in  this  case 
is  generally  between  the  gases  and  the  surfaces  of  cavities, 
and  is  hence  called  superficial,  in  distinction  from  inter- 
molecular  attraction,  which  is  the  name  given  to  the 
phenomenon  when  gases  are  taken  into  the  poi'es  of  a 
body. 

Freshly-burned  charcoal  placed  in  dry  air  may,  in  a 
few  days,  have  its  weight  increased  one-fiftieth  in  conse- 
quence of  the  air  that  it  absorbs.  (Has  air  weight  ? ) 
The  attraction  of  charcoal  for  noxious  gtises  is  especially 
great,  making  it  very  efficient  in  cleansing  the  air  in 
hospitals,  and  in  removing  noxious  odours  from  putrid 
animal  and  vegetable  matter  by  absorbing  the  foul  gases 
that  are  generated.  It  does  not  check  decay,  but  ratlier 
hastens  it.  A  rat,  which  had  been  buried  in  charcoal 
dust,  was  uncovered  at  the  end  of  a  month  ;    nothing 
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visible  was  left  but  the  hair  and  bones,  yet  no  bad  odour 
was  percejDtible. 

§  38.  Absorption  of  Gases  by  Liquids — dejjeTids 
on  molecular  attraction  and  motion^  and  is  intermolecidar. 
Water,  at  a  temperature  of  0°  C,  is  capable  of  condens- 
ing in  its  pores  six  hundred  times  its  own  bulk  of 
ammonia  gas.^  Water  thus  charged  with  this  gas  is  called 
"  ammonia  water."  The  amount  of  gas  that  a  liquid  will 
absorb  is  increased  by  j)ressure.  "  Soda  water  "  is  simply 
water  saturated  with  carbonic-acid  gas  under  great  pres- 
sure ;  it  contains  no  soda.  When  the  pressure  is  removed 
a  large  part  of  the  gas  escapes,  causing  effervescence. 


§  39.  Free  Diffusion  of  Liquids 


on  motion. 


mainly 
-Experiment   1.  —  Into    a    test-tube    containing 
20ccin  of  ^yater,  pour  about  2<'<'™  of  olive-oil,  and 
shake.      Do  the  oil  and  water  mix  ? 

Experiment  2. — Partially  fill  a  glass  jar 
(Fig.  16)  with  water.  Then  introduce  beneath 
the  surface,  by  means  of  a  long  funnel,  a  con- 
centrated solution  of  sulphate  of  copper.  Set 
the  vessel  aside  for  a  few  days.  Does  the  ex- 
periment show  any  mixing  or  diffusion  in  this 
c^se  ? 

Experiment  3.— Take  about  l*'*'"  of  bisul- 
phide of  carbon,  colour  it  by  dropi)ing  into  it 
a  small  particle  of  iodine,  and  pour  this  coloured 
solution  into  a  test-tube  nearly  filled  with  water. 
Set  this  tube  aside  for  a  week.  Do  you  find 
any  indications  of  diffusion  ? 

Experiment  4. — Treat  glycerine  and  water  as  you  did  the 

^  It  is  possible,  and  even  probable,  that  in  this  case  the  mole- 
cules of  ammonia  gas  are  not  simply  diffused  among  the  molecules 
of  water,  but  there  is  a  cheviical  union  between  the  gas  and  the 
water,  ammonium  hydrate  being  formed  thus:  NH3-f-H20  =  NH4 
HO.  The  application  of  heat  decomposes  the  hydrate,  producing 
water  and  ammonia  gas,  which  latter  then  escapes.  Again,  in  the 
so-called  solution  of  carbon  dioxide  (sometimes  called  carbonic- 
acid  gas)  in  water,  probably,  to  some  extent,  there  is  a  chemical 
union  between  the  gas  and  the  water,  thus  :  COg -I- HgO  =  H2CO3. 


Fig.  16. 
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liquids  in  Experiment  2.  What  is  the  result  ?  In  cases  where 
ditfusion  resulted  did  the  liquid  move  in  currents  or  by  mole- 
cules ?  What  conclusions  do  you  draw  from  these  experi- 
ments ? 

If,  during  the  operation  of  diflfusion  in  the  last  three 
experiments,  you  examine  the  liquid  with  a  microscope, 
you  will  not  be  able  to  trace  any  cur- 
rents ;  hence  the  motion  of  liquids  in 
diffusion  is  not  in  mass,  but  in  mole- 
cules,— a  kind  of  intermolecular  motion. 
We  learn  that  some  liquids,  even  when 
stirred  together,  -will  not  remain  mixed  ; 
while  others,  whose  densities  are  very 
different,  when  merely  placed  in  contact 
with  each  other,  slowly  mix  of  them- 
selves 

§  40.  Diffusion  of  Liquids 
through  Porous  Partitions  — 
Osmose — Dialysis. —  Very  com2)lex. — 
Experiment. — Cut  off  the  bottom  of  a 
conical  -  shaped  bottle  (or,  better,  use  a 
glass  funnel  or  lamp-chimney)  ;  fit  to  the 
neck  of  the  bottle  a  cork  having  a  glass 
tube  passing  through  it  (Fig.  17).  Tie 
tightly  over  the  bottom  a  piece  of  gold-  Fig.  17. 

beater's-skiu  or  parchment  paper.  Fill  the 
bottle  with  a  concentrated  solution  of  sulphate  of  copper,  and 
press  the  cork  into  the  bottle  so  that  the  liquid  will  stand  a 
little  way  up  the  tube,  say  at  a.  Now  suspend  the  apparatus 
in  a  vessel  of  water,  so  that  the  bottom  may  be  covered. 
Leave  it  for  an  hour  or  more,  and  then  carefully  examine. 
What  is  the  result  ?     What  does  this  experiment  prove  ? 

When  liquids  or  gases  force  their  way  through  porous 
septa,^  and  mix  with  each  other,  the  diffusion  is  called 
osTTWse,'^  To  distinguish  the  two  opposite  currents,  the 
flow  of  the  liquid  or  gas  towards  that  which  increases  in 

1  Septum,  partition.  '  Osmose,  impulse. 

E 
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volume  is  called  endosmose,^  and  the  opposite  current  is 
called  exosmose.^ 

It  is  found  that  crystallisable  substances  are  the  best 
subjects  of  osmose,  while  those  which  are  usually  amor- 
phous, such  as  gelatine  and  gummy  substances,  are  very 
little  inclined  to  osmose.  Those  substances  that  pass 
readily  through  septa  are  called  crystalloids  ;  ^  those  that 
do  not  are  called  colloids.^ 

The  principle  of  unequal  diffusibility  of  liquids  through 
septa  finds  important  aj)plication  in  chemical  and  phar- 
maceutical laboratories.  For  example, 
from  a  rod  (Fig.  18)  is  suspended  a 
glass  vessel  having  a  bottom  of  j)arch- 
ment  paper.  Such  a  vessel  is  called  a 
dialyser.  In  the  dialyser  is  placed,  for 
instance,  the  liquid  contents  of  the 
stomach  or  intestines  of  a  dead  animal, 
susjDected  of  containing  some  jDoison, 
and  the  vessel  is  floated  in  a  vessel  of 
water.  If  either  arsenic  or  strychnine 
is  present  it  will  separate  from  the  al- 
buminous matter  in  the  food,  and  pass 
through    the  septum  into    the   water. 


The   process 
separating  mixed  liquids  by  osmose  is  called  dialysis. 


of 


§  41.  Free  Diffusion  of  Gases — depends  almost 
ivholly  on  molecular  motion. — Experiment.^ — Fill  a  test-tube 
with  oxygen  gas,  and  tliiaist  in  a  lighted  splinter  ;  the  splinter 
burns  much  more  rapidly  than  in  the  air.  Fill  another  tube 
with  hydrogen  gas,  and  keep  the  tube  inverted  (for  this  gas, 
having  only  one-sixteenth  the  density  of  air,  would  very  soon 
flow  out  of  a  tube  held  mouth  upwards).  Thrust  in  a  lighted 
splinter  ;  the  gas  takes  fire,  and  burns  with  a  pale  flame  at  the 
mouth  of  the  tube.  Next  fill  one  tube  with  oxygen  and  the 
other  with  hydrogen  gas,  and  place  the  mouth  of  the  latter 
over  the   mouth  of  the  former,   as  in   Fig.    19.      In  about  a 


^  Endosmose,  inward  impulse. 
2  Exosmose,  outward  impulse. 


^  Crystalloid,  like  crystal. 
^  Colloid,  like  gum. 


MATTER  AND  ITS  PROPERTIES 


51 


minute  apply  a  lighted  splinter  to  the  month  of  each  tube  (let 
the  month  of  each  tube  be  freely  open  to  prevent  accident). 
What  is  the  result  ?  AVhat  conclusion  do  you  draw  from  it  ? 
Are  oxygen  and  hydrogen  nearly  of  the  same  density  ? 

Experiment  2. — Fill  a  jar  with  carbon  dioxide,  a  gas  much 
denser  than  air,  and  imcover  with  the  mouth  upwards.  How 
much  of  the  gas  remains  in  the  jar  at  the  end  of  ten  minutes  ? 

Many  pairs  of  liquids  do  not  diffuse  into  each  other, 
but  evenj  gas  diffuses  into  every  other  gas,  and  it  is 
impossible  to  prevent  two  gases  from  mixing 
when  placed  in  contact.  (It  is  thought  best  to 
introduce  the  subject  of  diffusion  of  gases  in 
this  place,  though  it  has  little  or  no  connection 
with  the  subject  of  adhesion.  The  explanation 
of  diffusion  must  be  deferred  to  its  proper  place 
in  the  chapter  on  Heat.) 

In  consequence  of  this  imiversal  tendency  to 
diffusion,  gases  will  not  remain  separated, — i.e.  a 
rarer  resting  upon  a  denser,  as  oil  rests  upon  water. 
This  is  of  immense  importance  in  the  economy  of 
nature.  The  largest  portion  of  our  atmosphere 
consists  of  a  mixture  of  oxygen  and  nitrogen  gases. 
There  are  always  present  also  small  quantities  of 
other  gases,  such  as  carbonic-acid  gas,  ammonia 
gas,  and  various  other  gases,  which  are  generated 
by  the  decomposition  of  organic  matter.  These 
gases,  obedient  to  gi'a\aty  alone,  would  aiTange 
themselves  according  to  their  density — carbonic- 
acid  gas  at  the  bottom,  or  next  the  earth,  followed 
respectively  by  oxygen,  nitrogen,  water  vapour,  and 
ammonia.  Neither  animal  nor  vegetable  life  could  pjg  19. 
exist  in  this  state  of  things.  But,  in  consequence 
of  their  diffusibility,  they  are  found  intimately  mixed,  and  in 
the  same  relative  proportions,  whether  in  the  valley  or  on  the 
highest  mountain  peak. 


§  42.  Diffusion  of  G^ses  through  Porous  Par- 
titions— prohably  depends  on  the  number  of  molecules  in  a 
unit  of  volume,  and  the  average  speed  of  the  molecules;  i.e. 
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u;pon  a  unit  of  area  of 


upon  the  number  of  molecules  s 
the  2}ctrtition  in  a  unit  of  time. 

Experiment. — Take  a  tliiii,  unglazed  eartlien  cup,  such  as 
is    used    in    Bunsen's    battery,    and   plug   uj)    the    oj)en    end 

with  a  cork  through  which  extends  a  glass  tube. 
^^^J~C.^     Place  the   exposed  end  of  the  tube  in  a  cup  of 

coloured  water.      Lower   a   glass  jar,   filled   with 

hydrogen  or  coal-gas,  over  the  porous  cup,  as  in  Fig. 

20.      Observe   carefully  what  takes  place.      How 

do  you  exxjlain  the  result  ?      Remove  the  glass  jar. 

What  happens  ?  Does  the  result  in  this  case  lead  to 

the  same  conclusion  as  that  in  the  first  ? 

An  interesting  modification  of  this  apparatus  is 

the  diffusion  fountain  (Fig.  21). 

By  passing  the  glass  tube  of  the 

porous  cup  through  the  cork  of 

a  tightly  -  stopped    vessel,  and 

having  another  glass  tube  pass 

through  another  perforation  in 

the  same  cork,  water  is  forced 

out  in    a   jet    several    feet    in 

height,  when  the  hydrogen  jar 
Fig.  20.       is  held  over  the  porous  cup. 

Children  well  understand 
that  toy-balloons,  which  are  made  of  col- 
lodion and  filled  with  coal-gas,  collapse  in 
a  few  hours  after  they,  are  inflated.  What 
is  the  cause  ?  Nature  furnishes  an  illustra- 
tion of  osmose  of  gases  in  respiration.  In  the  lungs  the  blood 
is  separated  from  the  air  by  the  thin,  membranous  walls  of 
the  capillary  veins.  Carbonic-acid  gas  escapes  from  the  blood 
through  these  septa,  and  oxygen  gas  enters  the  blood  through 
the  same  septa. 


Fig.  21. 


CHAPTER  II 

KINEMATICS 

§  43.  Motion  and  Rest  Relative  Terms. — To  a 
person  riding  in  a  railway  carriage,  and  confining  liis 
attention  to  objects  in  tlie  carriage,  everything  appears  to 
be  at  rest ;  but  let  liim  direct  his  attention  to  objects  by 
the  wayside,  and  at  once  he  discovers  that  all  objects  in 
the  carriage  are  in  motion.  Matter  may  be  at  rest 
with  reference  to  certain  objects,  and  in  motion  in  regard 
to  others.  Motion  and  rest  are  wholly  relative  terms,  and 
inapplicable  to  an  object  considered  apart  from  all  others. 
We  cannot  locate  an  object  except  with  reference  to 
another  object,  nor  can  we  conceive  of  change  or  of  per- 
manence of  position  of  an  object,  except  in  relation  to 
some  other  object.  The  aeronaut,  moving  at  the  rate  of 
sixty  miles  an  hour,  knows  not  that  he  is  moving  at  all, 
till  he  looks  away  from  his  balloon,  and  sees  cities  and 
towns  passing  in  panorama  beneath  him. 

§  44.  All  Matter  is  in  Motion, — There  is  no  such 
thing  as  absolute  rest  in  the  universe.  There  is  no  use  for 
the  word  rest,  except  to  indicate,  with  reference  to  each 
other,  the  condition  of  objects  that  are  moving  in  the 
same  direction  and  with  the  same  speed.  For  example, 
a  span  of  hoi'ses  drawing  a  carriage  are  at  rest  witli  refer- 
ence to  each  other  and  to  the  carriage.  The  phra.se  "at 
rest "  can  be  used   in  only  an  extremely  limited  sense. 
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and  in  common  language  refers  only  to  the  condition  of 
an  object  with  reference  to  that  on  which  it  stands,  as  a 
carriage,  the  deck  of  a  ship,  or  the  surface  of  the  earth. 
It  is  only  by  putting  entirely  out  of  mind  the  motions  of 
the  earth  itself  that  we  can  speak  of  any  terrestrial  object 
as  being  at  rest. 

§  45.  Speed — Uniform  and  Varied  Speed. — All 

motion  takes  time  ;  hence  the  term  si:ieed,  which  refers  to 
the  space  traversed  in  a  unit  of  time.  Speed  may  be 
uniform  or  varied  :  uniform^  when  an  object  traverses 
successively  equal  spaces  in  all  equal  intervals  of  time  ; 
varied,  when  unequal  spaces  are  traversed  in  any  equal 
intervals  of  time.  Varied  speed  may  be  quickened  or 
retarded  :  quickened,  when  the  spaces  traversed  increase  at 
each  successive  interval  of  time ;  retarded,  when  they 
diminish.  The  speed  of  a  train  of  cars  in  starting  from 
a  station  is  at  first  quickened,  afterwards  tolerably  uni- 
form, and,  when  the  brakes  are  applied,  it  becomes 
retarded.  Strictly  speaking,  all  speeds  are  varied  ;  there 
is  no  illustration  of  absolutely  uniform  speed  in  nature 
nor  in  art,  though  we  may  conceive  of  its  possibility,  and 
we  have  very  closely  approximated  to  it. 

The  average  speed  of  a  body  during  any  interval  is  meas- 
ured by  the  quotient  arising  from  the  division  of  the 
measure  of  the  path  traversed  by  the  body  in  that  interval 
by  the  measure  of  the  interval.  The  unit  of  speed  is 
therefore  the  speed  at  which  a  body  traverses  the  unit  of 
length  in  the  unit  of  time.  It  will  be  seen  that  the  unit 
of  speed  is  made  to  depend  upon  the  units  of  length  and 
of  time. 

If  a  railway  train  travels  half  a  mile  in  forty  seconds, 
the  measure  of  its  average  speed  is  J  -^  ^^ Jq"  °^  ^^^  ^^  ^^ 
choose  a  mile  as  our  unit  of  length  and  an  hour  as  our 
unit  of  time  ;  but  the  measure  of  its  speed  is  A_2_«_o  ^  49 
or  66,  if  we  choose  a  foot  as  our  unit  of  length  and  a 
second  as  our  unit  of  time.     The  speed  is  described  in 
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the  one  case  as  45  miles  per  hour,  in  the  other  as  66  feet 
per  second.  It  is,  of  course,  the  same  speed  in  both  cases, 
just  as  4  shillings  is  the  same  sum  of  money  as  48  pence. 

If  the  speed  of  a  point  is  uniform,  its  average  speed 
during  any  interval  is  its  achial  speed  (usually  spoken  of 
as  the  speed  simply)  at  any  instant  of  that  interval.  If, 
however,  the  speed  of  a  point  is  not  uniform,  its  actual 
speed  at  any  instant  is  its  average  speed  during  an 
infinitely  short  interval  which  includes  that  instant.  Thus, 
when  we  say  that  a  railway  train  has  a  speed  of  45  miles 
per  hour,  we  do  not  necessarily  imply  that  the  train  will 
run  45  miles  during  the  next  hour,  or  that  it  will  con- 
tinue running  for  an  hour  ;  we  simply  mean  that  during 
the  short  interval  of  our  observation  the  average  speed 
was  45  miles  per  hour,  and  that  the  train  would  run  45 
miles  were  it  to  continue  to  run  for  an  hour  at  the  same 
speed  it  had  at  the  moment  referred  to. 

The  change  of  speed  during  any  interval  is  the  differ- 
ence between  the  initial  speed  and  the  final  speed. 

The  average  rate  of  change  of  speed  during  any  inter- 
val in  the  quotient  arising  from  the  division  of  the  change 
of  sjieed  during  that  interval  by  the  measure  of  that 
interval.  Thus  if  a  speed  changes  from  15  feet  per 
second  to  60  feet  j^er  second  during  an  interval  of  15 
seconds,  the  average  rate  of  change  is  3  feet-per-second 
per  second.  Thus  the  unit  of  rate  of  change  of  speed  is 
a  change  of  one  unit  of  speed  in  one  unit  of  time. 

If  the  rate  of  change  of  speed  is  uniform  the  average 
rate  of  change  of  speed  during  any  interval  is  also  the 
actual  rate  of  change  of  speed  at  any  instant  of  that 
interval.  If,  however,  the  rate  of  change  is  not  uniform, 
the  actual  rate  of  change  of  speed  at  a  given  instant  is 
the  average  rate  of  change  of  speed  during  an  infinitely 
short  interval  which  includes  that  instant. 

§  46.  Relations  among  Speed,  Time  of  Motion, 
and  Length  of  Path  traversed. — Provided  the  speed 
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is  uniform,  tlie  foregoing  relations  are  easily  seen,  and 
need  not  be  discussed  here.  If,  however,  the  sjDeed  is 
varied,  these  relations  may  be  very  complex.  The  only 
case  of  this  kind  that  we  shall  consider  is  that  in  which 
the  speed  is  increased  by  eqttal  amounts  during  equal 
intervals  or  diminished  by  eqiial  amounts  during  equal 
intervals,  however  short  these  intervals  may  be  taken. 
In  this  case  the  speed  is  said  to  be  uniformly  q^dcJcened, 
j)Ositively  or  negatively. 

A  careful  consideration  of  this  case  will  enable  the 
student  to  see  that  the  average  speed  during  any  interval 
is  half  the  sum  of  the  initial  and  final  speeds. 

Let  u  denote  measure  of  initial  speed. 


55         ^                  55 

55 
55 

final  speed, 
time  of  motion. 

55         "'                  55 

55 

quickening    during  one    unit 
of  time. 

55         ^                   55 

55 

path  traversed. 

The  following  equations  are  obvious  : — 

V  = 

=  u  +  ]d                             (1), 

s  = 

u  +  v 

-ir^               (2). 

The  student  acquainted  with  the  elements  of  Algebra 
will  observe  that  we  have  here  two  independent  equations 
involving  five  symbols,  and  that  provided  three  of  these 
symbols  be  known,  it  is  possible  from  these  equations  to 
find  the  other  two.  These  equations  will  be  found  sufli- 
cient  for  the  investigation  of  any  case  of  uniformly  quick- 
ened speed  or  of  constant  speed,  since  in  the  latter  case 
h  —  o. 

An  example  or  two  will  serve  to  illustrate. 

Example  1. — A  point  starts  from  rest  with  a  speed  uniformly 
quickened  at  the  rate  of  10  feet-per-second  per  second,  how  far 
will  it  go  in  six  secouds  ? 
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The  initial  speed  is  0. 

,,    liiial         ,,         60  feet  per  second. 

„    average    „         30  „ 

therefore  the  space  traversed  in  six  seconds  is  30  feet  x  6  or  180 
feet. 

Example  2. — A  railway  train,  moving  at  the  rate  of  50 
miles  per  hour,  has  the  brakes  pnt  on,  and  its  speed  changes 
uniformly  for  one  minute,  when  it  is  found  to  have  a  speed  of 
20  miles  per  hour.  Find  (a)  its  rate  of  change  of  speed,  and 
(b)  the  distance  traversed  in  the  minute. 

Taking  one  hour  as  our  unit  of  time,  one  mile  as  our  unit 
of  space,  and  therefore  a  mile  an  hour  as  our  unit  of  speed, 
we  have  given — 

u  =  50, 
u  =  20, 

1 
^  =  60- 

Substituting  these   values  in  our  fundamental  equations,   we 
have — 

20  =  50  +  ^  (1), 


(2). 


5  =  50  +  20  xj_ 
~2  60 

From(l),  1 200  =  3000 +  ^^ 
-.■  k=  -1800. 

From  (2),  120  s  =70, 
70 
•••'=120' 

_1 
~12' 

Hence  we  see  that  the  speed  of  the  train  was  diminished  at 
the  rate  of  1800  miles-per-hour  per  hour,  and  that  the  train 
ran  -^  oi  a.  mile  during  the  minute. 

Let  us  solve  the  same  i^roblem,  using  a  foot  as  the  unit  of 
space,  a  second  as  the  unit  of  time,  and,  therefore,  a  foot-i)er- 
second  as  our  unit  of  speed. 
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In 

this  case  u  = 

5280: 
60  X 

x50 
60    ' 

220 

~~    3   ■■ 

5280: 

x20 

88 

v  = 

60  X 

60    " 

"  3' 

t  = 

60. 

hes 

56  values 

in 

our  fi 

mdan 

lenta: 

88 
3  " 

22C 

-  +  60^ 

s  = 

22C 

1     88 

<60 

(1), 

From(l),  88  =  220  +  180^;, 

88-220         11 

•■•  ^"      180      "  ~T5* 

220  +  88 
From  (2),  s  = g—    x  60, 

=  3080. 

Hence  we  see  that  the  speed  of  the  train  was  diminished  at 
the  rate  of  ^4-  of  one  foot-per-second  per  second,  and  that  the 
train  ran  3080  feet  during  the  minute. 

The  student  should  thoroughly  satisfy  himself  that 
these  answers,  though  different  in  form^  are  virtually  the 
same  as  the  answers  obtained  by  the  first  solution.  He 
will  probably  find  some  difficulty  in  reconciling  the  two 
statements  regarding  the  rate  at  which  the  speed  of  the 
train  is  diminished,  but  he  should  not  pass  this  point 
until  he  is  satisfied. 

Note. — The  recommendation  of  Professor  Tait  of  Edinburgh 
has  been  followed  in  the  use  of  the  word  "speed"  to  denote 
the  length  of  tlie  path  travei-sed  in  a  unit  of  time  without 
regard  to  direction  of  motion,  while  the  word  "velocity"  is 
reserved  for  the  expression  of  that  which  involves  the  ideas  of 
speed  and  of  direction  of  motion  conjointly. 

§  47.  Velocity. — If  at  the  beginning  of  an  interval 
a  moving  point  is  at  A  and  at  the  end  of  the  interval  it 
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is  at  B,  the  average  velocity  of  the  point  during  this 
interval  is  a  quantity  whose  magnitude  is  measured  by 
the  quotient  arising  from  the  division  of  the  measure  of 
the  line  AB  by  the  measure  of  the  interval,  and  whose 
direction  is  that  of  the  line  AB. 

If  the  velocity  of  a  moving  point  is  uniform  (that  is, 
if  it  is  moving  with  uniform  speed  and  in  a  straight  line) 
its  average  velocity  during  any  interval  is  its  actual 
velocity  (usually  spoken  of  as  the  velocity  simply)  at  any 
instant  of  that  interval.  If,  however,  the  velocity  of  a 
moving  point  is  not  uniform,  its  actual  velocity  at  any 
instant  is  its  average  velocity  during  an  ivjinitely  short 
interval  which  includes  that  instant. 

Since  a  velocity  possesses  the  elements  of  magnitude 
and  of  direction,  it  is  conveniently  represented  by  a 
straight  line,  the  length  of  the  line  representing  the  mag- 
nitude of  the  velocity  and  the  direction  of  the  line 
representing  the  direction  of  the  velocity. 

§48.  Composition  and  Resolution  ofVelocities. 

— To  compound  two  velocities  (that  is,  to  find  a  single 
velocity  equivalent  to  the 
combined  effect  of  two  velo- 
cities) we  have  the  following 
obvious  construction.  Let 
one  of  the  given  velocities 
be  represented  in  magnitude 
and  direction  by  AB,  and 
let  the  other  given  velocity 
be  represented,  on  the  same  scale,  in  magnitude  and 
direction  by  BC.  Then  AC  represents  (still  on  the 
same  scale)  in  magnitude  and  direction  the  resultant 
velocity. 

To  understand  this,  imagine  a  steamer  to  be  sailing 
with  a  velocity  represented  by  AB,  and  at  the  same  time 
imagine  a  man  to  be  walking  on  its  deck  witli  a  velocity 
represented  by  BC.     A  may  be  taken  to  represent  the 
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position  of  the  man  at  the  beginning  of  his  walk.  At 
the  end  of  the  man's  walk  the  point  A  is  at  B  in  con- 
sequence of  the  velocity  of  the  steamer  with  respect  to 
the  earth,  and  the  man  is  at  C  in  consequence  of  his 
simultaneous  velocities  with  respect  to  the  earth,  resulting 
from  the  motion  of  the  steamer  through  the  water  and 
from  his  own  walk  along  the  steamer's  deck.  Thus  AC 
represents  the  resultant  velocity  of  the  man  with  respect 
to  the  earth.  The  student  must  observe  that  when  it  is 
said  that  a  velocity  is  represented  by  a  line  it  is  to  be 
understood  that  this  line  represents  the  velocity  both  in 
magnitude  and  direction. 

The  foregoing  proposition  is  called  the  triangle  of 
velocities.  Another  obvious  way  of  stating  it  is  indicated 
by  completing  the  parallelogram  of  which  AG  is  a 
j^  Q      diagonal  (Fig.  23).     Let  two 

velocities  to  he  compounded  be 
represented,  on  the  same  scale, 
by  two  lines  drawn  from  the 
same  point.  Complete  the  par- 
allelogram  of  which  these  lines 
Pig  23.  ''^^^  adjacent    sides,  and  that 

diagonal  of  this  parallelogram 
which 2)asses  through  this  point  shall  represent  (still  on  the  same 
scale)  the  resultant  velocity.  This  proposition  is  called  the 
parallelogram  of  velocities,  and  it  should  be  thoroughly 
understood. 

The  difference  between  two  given  velocities  is  evidently 
that  velocity  which,  compounded  with  one  of  the  given 
velocities,  will  produce  as  a  resultant  the  other  given 
velocity.  Hence  the  change  which  a  velocity  undergoes 
during  any  interval  when  its  magnitude  and  direction  at 
the  beginning,  and  also  at  the  end,  are  known,  is  readily 
obtained  by  the  following  construction. 

Draw  AC  to  represent  tlie  velocity  at  the  beginning 
of  the  interval.  Draw  AB  to  represent,  on  the  same 
scale  the  velocity  at  the  end  of  the  interval.     Then  CB 
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represents  (still  on  the  same  scale)  the  change  which  the 
velocity  has  undergone  during  the  interval. 

By  the  triangle  of  velocities,  the  velocities  AC  and 
CB  have  as  a  resultant  the 
velocity  AB.  Hence  CB  re- 
presents the  change  that  must 
be  made  in  the  velocity  AC  to 
j)roduce  the  velocity  AB. 

It    will     be    observed     that 
the      change     of     velocity      is    "  p.    ^^ 

different    from    the    change    of 
speed.     In    this  case   the  change  of  sj)eed  is  represented 
by  the  difference  between  AC  and  AB. 

§  49.  Bate  of  Change  of  Velocity. — Rate  of 
change  of  velocity  is  called  acceleration.  The  average 
acceleration  during  any  interval  is  a  quantity  whose 
magnitude  is  the  quotient  arising  from  the  division  of  the 
change  of  velocity  undergone  by  the  moving  point  during 
that  interval  by  the  measure  of  that  interval,  and  whose 
direction  is  the  direction  of  that  change  of  velocity.  Thus 
(Fig.  24)  if  the  velocity  of   the  moving  point  changes 

CB 

from  AC  to  AB  in  t  units  of  time,   — —  is  the  magnitude 

t 

of  the  average  acceleration  during  this  interval  and  CB 

is  the  direction  of  this  acceleration. 

Generally  the  average  acceleration  of  a  moving  point 
varies,  both  in  magnitude  and  in  direction,  with  the 
interval  to  which  it  applies.  In  the  particular  case  in 
which  it  varies  neither  in  magnitude  nor  in  direction  the 
point  is  said  to  move  with  a  uniform  acceleration. 

The  actual  acceleration  (commonly  spoken  of  as  accelera- 
tion simply)  at  any  given  instant  is  the  average  ac- 
celeration during  an  infinitely  short  interval  which 
includes  that  instant 

The  specification  of  an  acceleration  involves  specifica- 
tion both   of   its  magnitude  and   of    its  direction.     Ita 
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direction  may  be  described  as  the  direction  of  a  straight 
line  is  described.  Its  magnitude  is  evidently  a  quantity 
of  the  same  kind  as  a  rate  of  change  of  speed  (§  45),  and 
may  therefore  be  described  in  terms  of  the  unit  of  rate 
of  change  of  speed. 

QUESTIONS   AND    TROBLEMS 

1.  A  railway  train  travels  over  150  miles  in  5  hours, 
40  minutes  ;  what  is  its  average  speed,  a  foot  and  a  second 
being  the  units  of  space  and  of  time  ?. 

2.  A  point  passes  uniformly  over  100  yards  in  30  minutes  ; 
what  is  the  numerical  representation  of  its  speed  ;  according 
to  the  usual  conventions  respecting  the  units  of  space  and  of 
time  ? 

3.  A  man  walks  with  a  speed  represented  by  3,  and  he 
finds  that  he  walks  5  miles  in  2  hours  ;  if  1  foot  be  the  unit  of 
space,  what  is  the  unit  of  time  ? 

4.  A  body  whose  speed  is  represented  by  3,  moving  uni- 
formly, describes  64  feet  in  10  seconds  ;  the  unit  of  space  is  1 
foot  ;  what  is  the  unit  of  time  ?  By  what  would  its  speed  be 
represented,  if  the  units  of  space  and  of  time  were  3  yards  and 
2  minutes  ? 

5.  A  point  is  observed  to  describe  uniformly  a  feet  in  n 
seconds  ;  supposing  the  unit  of  time  to  be  1  minute,  what  must 
be  the  unit  of  space  in  order  that  the  numerical  value  of  the 
point's  speed  may  be  1? 

6.  A  body  describes  72  feet,  while  its  speed  increases  from 
16  to  20  feet  per  second  ;  find  the  whole  time  of  motion  and 
the  rate  of  change  of  speed. 

7.  The  speed  of  a  particle  moving  with  uniformly  increased 
speed  on  passing  a  given  point  P  is  10  feet  per  second  ;  at  a 
distance  of  15  feet  from  F  it  is  20  feet  per  second  ;  find  its 
rate  of  change  of  speed,  also  its  distance  from  P  when  at  rest. 

8.  A  particle  is  proceeding  with  imiform  velocity  along  a 
certain  straight  line,  and  another  velocity  is  communicated  to 
it  such  that  it  moves  along  a  line  making  60°  with  its  former 
direction  and  with  unaltered  speed.  Determine  the  communi- 
cated velocity. 

9.  If  a  particle  has  a  velocity  of  20  where  a  day  and  a  mile 
are  the  units  of  time  and  of  space,  and  a  velocity  perpendicular 
to  the  former  of  2^^  when  the  units  are  a  minute  and  a  foot, 
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find  the  resultant  velocity  when  an  horn-  and  a  yard  are  the 
units. 

10.  A  boat  is  rowed  across  a  river  (2  miles  wide)  in  a  direc- 
tion making  an  angle  of  60°  with  the  bank  and  against  the 
stream.  The  boat  travels,  with  reference  to  the  water,  at  the 
rate  of  5  miles  per  hour,  and  the  river  flows  at  the  rate  of 
three  miles  per  hour.  Find  at  what  point  of  the  opposite 
bank  the  boat  will  land. 

11.  In  the  preceding  problem,  at  what  angle  to  the  bank 
should  the  boat  be  rowed  in  order  to  land  at  the  opposite 
point  of  the  opposite  bank  ? 

12.  A  point  is  moving  in  the  circumference  of  a  horizontal 
circle  and  with  constant  speed  b.  Find  its  total  change  of 
velocity  (both  in  magnitude  and  in  direction)  in  the  interval 
betweei}  the  moment  at  which  it  is  moving  due  north  and  the 
moment  at  which  it  is  moving  due  east.  Solve  this  pit)blem, 
assuming  that  the  point  at  the  beginning  of  the  interval  is 
(a)  at  the  west  side  of  the  circle,  (b)  at  the  east  side. 

13.  If  velocities  be  separately  communicated  to  a  particle 
on  the  circumference  of  a  circle,  such  that  they  would  respect- 
ively cause  the  particle  to  move  to  the  circumference  along 
chords  at  right  angles  to  each  other  in  the  same  time,  show 
that  when  the  velocities  are  communicated  to  it  simultaneously, 
the  time  of  its  reaching  the  circumference  will  be  unaltered. 


1 


CHAPTER  III 

DYNAMICS 

In  the  chapter  on  kinematics  we  have  considered  motion 
pure  and  simple,  without  regard  to  that  which  was 
moving  or  to  the  cause  of  the  motion.  That  is,  without 
regard  to  matter  or  to  force.  In  this  chapter  we  shall 
investigate  the  relations  existing  among  matter,  force, 
and  motion. 

§  50.  Inertia. — What  is  it  that  sets  in  motion  that 
which  was  previously  at  rest,  or  in  any  other  way  changes 
the  motion  of  a  portion  of  matter  ?  We  may  call  it  force ; 
but  what  idea  does  this  term  convey  ?  Let  us  question 
our  own  experience.  We  leave  an  apple  lying  upon  a 
table  ;  have  we  not  entire  confidence  that  it  will  continue 
to  lie  there,  unless  disturbed  by  some  otJier  body  ?  If  on 
returning  we  find  it  gone,  are  we  not  sure  that  it  has 
been  removed  by  the  action  of  some  body  other  than  it- 
self ?  An  apple  falls  to  the  ground,  and  although  the 
action  is  one  of  the  most  mysterious  in  all  nature,  yet  do 
we  not  almost  instinctively  trace  the  cause  to  some  action 
between  the  apple  and  the  earth  ?  The  ball  at  rest  is 
put  in  motion  by  a  bat ;  but  must  not  the  bat  first  be 
put  in  motion  ?  And  when  we  find  the  cause  of  its 
motion,  is  it  not  an  antecedent  motion  in  some  other 
object  ?      We    conclude,    then    (1),    that    motion    cannot 
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originate  in  an  object  isolated  from  all  others,  hut  it  always 
arises  from  mutual  action  between  at  least  two  bodies. 

Again,  the  bat,  liaving  received  motion,  is  capable  of 
imparting  motion  to  the  ball ;  but,  having  set  in  motion 
one  ball,  is  it  equally  capable  of  putting  in  motion 
another  ball  ?  Can  a  mass  impart  motion  and  retain  all 
its  own  motion  ?  Or  is  it  like  a  commercial  transaction, 
a  trade,  to  which  there  are  two  parties,  one  a  buyer  and 
the  other  a  seller  ?  that  is,  of  the  nature  of  a  transfer, 
which  should  be  entered  on  the  debit  side  of  one's  account, 
and  the  credit  side  of  the  other's  ?  From  a  careful  con- 
sideration of  these  questions  we  conclude  (2)  that  change 
of  motion  in  one  body  is  caused  only  by  another  hodifs  parting 
with  some  of  its  jpower  of  producing  change  of  motion. 

If  a  sledge,  on  which  a  child  is  sitting,  is  suddenly  j)ut 
in  motion,  what  is  the  result  ?  If  the  child  and  sledge 
are  both  in  motion,  and  the  sledge  is  suddenly  stopped, 
what  happens  ?  How  is  it  in  the  first  case  if  the  sledge 
is  started  slowly  ?  How  in  the  second  case  if  the  sledge 
is  gradually  stopped  ?  We  see  (3)  that  masses  of  inatter 
receive  motion  gradually  and  surrender  it  gradually. 

Even  very  small  bodies  require  time  to  start  and  to  stop. 
The  sand-blast,  employed  for  engraving  figures  on  glass,  fur- 
nishes a  fine  illustration  of  this  fact.  A  box  of  fine  quartz- 
sand  is  placed  in  an  elevated  position.  A  long  tube  extends 
vertically  down  from  the  bottom  of  this  box.  The  plate  of 
glass  to  be; engraved  is  covered  with  a  thin  layer  of  melted 
wax.  When  cool,  the  design  is  sketched  with  a  sharp-pointed 
instrument,  in  the  wax,  leaving  the  glass  exposed  only  where 
the  lines  are  traced.  The  plate  is  then  placed  beneath  the 
orifice  of  the  tube,  and  exposed  to  a  shower  of  sand.  The 
speed  of  the  sand-grains  is  not  at  its  maximum  at  the  start, 
but  is  constantly  increased  till  they  reach  tlie  plate,  where 
their  speed  in  timi  is  gradually  checked.  The  wax,  on  account 
of  its  yielding  nature,  gradually  brings  them  to  rest  without 
being  chipped  ;  but  the  glass,  notwithstanding  its  hardness, 
cannot  stop  them  quite  at  its  surface  ;  and,  therefore,  being 
very  brittle,  it  suffers  a  chipping  action  from  the  sand.  Tlius 
the  soft  wax  alBfords  a  protection  from  the  action  of  the  falling 
F 


66  ELEMENTS  OF  PHYSICS  chap 

sand  to  all  parts  except  those  intended  to  be  cut.  A  still 
greater  speed  is  generally  given  to  the  sand  by  steam  blown 
through  tlie  tube.  For  this  reason  the  apparatus  is  called  a 
smid-hlast.  Hard  metals  like  steel  are  engraved  in  the  same 
manner.  Yet  the  hand  may  be  held  in  the  blast  several 
seconds  Avithout  injury.  (What  is  the  difference  in  the  effects 
of  catching  a  cricket-ball  Avith  hands  held  rigidly  extended, 
and  Avith  the  hands  alloAved  to  yield  somcAvhat  to  the  motion 
of  the  ball  ?) 

Eoll  a  marble  on  a  carpet,  what  happens  ?  roll  it 
on  a  smooth  marble  floor,  what  is  the  result  ?  On  a 
perfectly  smooth  surface  hoAV  long  Avould  it  roll  ?  If  we 
could  j^rovide  such  a  surface,  and  dispense  with  the 
resistance  of  the  air,  how  long  would  it  roll  ?  These 
conditions  are  impracticable  ?  True.  But  have  not  the 
heavenly  bodies  rolled  for  millions  of  years  through 
frictionless  space,  unchecked  because  unimpeded  ? 

Motion  unobstructed  is  ^^erpetual.  Motion  undis- 
turbed is  in  a  straight  line.  Along  which  will  a  marble 
roll  more  nearly  in  a  straight  line,  along  a  smooth  or 
along  a  rough  floor  1  What  if  the  floor  were  perfectly 
smooth  ? 

The  foregoing  observations  may  be  summed  up  by  say- 
ing that  matter  possesses  a  property  hy  virtue  of  which  it 
maintains  constant  its  condition  of  motion,  unless  influenced 
hy  some  external  cause.  This  property  of  matter  has  been 
called  INERTIA.  The  statement  of  the  fact  that  matter 
possesses  this  property  has  been  called  the  law  of  iiurtia. 

This  fact  is  also  called  the  first  law  of  motion,  and  is 
frequently  enunciated  thus  : — 

§  51.  First  Law  of  Motion. — A  body  at  rest  remains 
at  rest,  and  a  body  in  motion  moves  with  uniform  velocity, 
(that  is,  loith  uniform  speed  and  in  a  straight  line)  unless 
acted  ujpon  by  some  external  force  to  change  its  condition. 

This  law  is  briefly  summarised  in  the  familiar  expres- 
sion^ "  perpetual  motion."  "  Is  perpetual  motion  pos- 
sible ?"  has  been  often  asked.     The  ansAver  is  simple, — 
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Yes,  more  than  possible,  necessary,  if  no  force  interferes  to 
-prevent  What  has  a  person  to  do  who  would  establish 
perpetual  motion  ?  Isolate  a  moving  body  from  interfer- 
ence of  all  external  forces,  such  as  gravity,  friction,  and 
resistance  of  the  air.     Can  the  condition  he  fulfilled  ? 

§  52.  Relation  between  a  Force  and  the 
Change  of  Motion  it  produces. — Having  learned, 
from  experience,  that  a  body  undergoes  no  change  of 
motion  except  from  the  action  of  an  external  force,  we, 
naturally,  next  proceed  to  investigate  the  relation  between 
any  force  and  the  change  of  motion  it  produces.  To 
make  our  work  as  simple  as  possible  let  us  begin  by 
examining  the  motion  of  a  body  under  the  influence  of 
onhj  one  external  force.  It  is  further  desirable  that  this 
force  shall  be  constant — that  is,  of  unchanging  intensity 
and  direction.  Now  the  weight  of  the  same  body  at 
different  heights  (witliin  moderate  limits)  at  the  same 
point  on  the  earth's  surface  is  practically  constant,  as  may 
be  shown  by  suspending  the  body  by  means  of  a  coiled 
spring,  and  obser\i.ng  the  extent  to  which  its  weight 
extends  the  spring  when  the  body  is  thus  suspended  at 
different  heights.  Again,  by  suspending  the  body  (at 
different  heights)  from  the  end  of  a  long  string,  we  find 
that  the  direction  of  its  weight  at  different  heights  above 
the  same  point  on  the  earth's  surface  is  the  same.  Hence, 
if  we  can  watch  a  body  moving  near  the  surface  of  the 
earth  under  the  influence  of  its  weight  alone,  we  shall  be 
able  to  learn  the  effect  of  a  force  constant  both  in  inten- 
sity and  in  direction.  Can  we  secure  this  condition  ? 
Not  without  removing  the  air  from  the  space  in  which 
the  body  is  to  move,  for,  as  is  easily  seen,  as  soon  as  a 
body  begins  to  move  through  the  air,  the  air  exerts  a 
force  upon  it  in  a  direction  opposite  to  that  in  which  the 
body  is  moving,  and  the  intensity  of  the  force  increases 
with  the  speed  of  the  body. 

Since  we  cannot  readily  remove  the  air,  let  us  follow 
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the  advice  given  in  §  1,  and  so  arrange  our  experiment 
that  the  weight  of  the  body  shall  be  very  great  in  com- 
parison with  the  force  which  the  air  exerts  upon  the  body 
as  it  moves  through  it.  In  this  case  we  shall  not  intro- 
duce an  important  error  by  neglecting  to  consider  the 
force  exerted  by  the  air,  and  assuming  that  the  whole 
effect  observed  is  due  to  the  weight  of  the  body.  We 
shall  best  secure  the  condition  desired  by  choosing  a  dense 
body,  say  a  lump  of  lead,  and  by  confining  our  observa- 
tions of  its  motion  to  a  period  in  which  its  speed  is  at  no 
time  very  great.  Why  should  we  choose  a  dense  body  ? 
Why  should  we  not  observe  its  motion  through  the  air 
at  very  great  speed  ? 

Since  it  is  change  of  motion  that  we  wish  to  observe, 
let  us  still  further  simplify  our  experimentation  by 
beginning  with  a  body  initially  at  rest.     (Why  ?) 

Experiment  1. — Secure  two  pieces  of  lead  weighing  1  oz. 
and  2  oz.  respectively.  Drop  the  first  from  the  height  of  a 
few  feet.  What  do  you  observe  regarding  the  direction  of  its 
motion  ?  What  do  you  observe  regarding  its  speed  ?  Does 
the  direction  of  its  motion  change  ?  What  relation  does  it 
bear  to  the  direction  of  the  weight  of  the  body  ?  Does  the 
speed  of  the  body  change  ?  What  is  the  nature  of  this  change 
so  far  as  you  can  observe  ?  Embody  the  result  of  your  observa- 
tions in  a  statement  regarding  the  change  of  velocity  (§§  48,  49) 
which  the  body  undergoes. 

Drop  the  two  pieces,  both  at  the  same  instant  and  from  the 
same  height.  Does  one  reach  the  gi'ound  before  the  other  ?  Is 
there  any  difference  between  the  change  of  velocity  that  the  one 
undergoes  and  the  change  of  velocity  which  the  other  undergoes  ? 
Does  the  same  force  produce  this  change  of  velocity  in  the  one 
case  as  in  the  other  ?  What  relation  do  these  two  forces  bear 
to  each  other  ?  In  what  respect  does  the  one  body  differ  from 
the  other  body  ?  The  bodies  are  of  the  same  material  ;  do 
they  contain  equal  quantities  of  matter  ?  What  is  their 
relation  in  this  respect  ? 

From  these  observations  some  imj)ortant  truths  may 
be  learned. 
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(1)  A  constant  force  acting  wp&ii  a  body  produces  a 
change  of  velocity  in  the  direction  in  which  the  force  acts. 

(2)  This  change  of  velocity  varies  with  the  time  during 
which  the  force  is  acting. 

(3)  If  the  MASS  of  a  body  is  increased  the  force  necessary 
to  produce  (in  a  given  time)  a  given  change  of  velocity  must 
be  increased  at  the  same  rate. 

Our  knowledge  of  the  second  of  these  truths  is,  as  yet, 
indefinite,  since  we  have  made  no  exact  measurements  of 
the  speed  of  the  falling  bodies  at  different  points.  Our 
experiment  has  been  qualitative^  not  giiantitative. 

Without  apparatus  difficult  to  secure  we  cannot 
accurately  measure  the  speed  of  a  body  falling  freely,  even 
through  a  short  distance.  The  speed  soon  becomes  too 
great.     Arrange  a  contrivtoce  like  the  following  : — 

Experiment  2. — Take  a  smooth  sti-aight  board  (Fig.  25), 
about  4™  long,  and  place  it  so  that  one  end  shall  be  about 
4cm  higher  than  the  other.  Suspend  within  easy  view  a  string 
(about  1"»  long)  and  ball,  as  a  pendulmn,  and  draw  a  line 


E^ 


Fig.  25. 

just  under  the  ball.  Set  it  in  vibration,  and,  at  the  instant 
the  ball  crosses  the  line,  let  a  marble  begin  to  roll  down  the 
inclined  plane.  Let  another  pei-son  mark  the  point  on  the 
board  that  the  ball  reaches  at  the  end  of  one  swing  of  the 
pendulum — that  is,  at  the  instant  the  ball  crosses  the  line  next 
time.  Repeat  the  operation  several  times,  and  mark  the  point 
that  it  reaches  at  the  end  of  the  second,  of  the  third,  and  of 
the  fourth  swings.  Verify  your  results  by  several  trials.  If 
you  find  any  difference,  take  the  average  of  the  distances 
traversed  by  the  marble  in  each  period.  Take  the  period  of 
one  swing  of  your  pendulum  as  the  unit  of  time,  and  the  space 
traversed  during  the  firet  swing  as  the  unit  of  space. 

Arrange  the  results  of  your  observations  in  a  tabulated 
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form.     If  the  experiment  is  conducted  with  care  you  will 
obtain  the  following  results  : — 


No.  of  units  of 
time. 

Total  distance 
passed  over. 

Distance  passed 

over  in  last 

unit. 

Average  velocity 

during  last  unit. 

Increase  of 
velocity  in  each 

unit, 
i.e.  acceleration. 

1 
2 
3 

4 

etc. 

1 

4 

9 

16 

etc. 

1 
3 
5 
7 
etc. 

2 
2 
2 
8 

etc. 

In  the  foregoing  experiment,  why  must  the  board  be 
smooth  ?  Why  must  it  be  straight  ?  What  relation  does 
the  experiment  prove  to  exist  between  the  change  of 
velocity  j)roduced  by  a  constant  force  and  the  time  during 
which  the  force  is  acting  to  produce  this  change  ?  Now 
state  the  second  of  the  three  truths  learned  from  our  first 
experiment  in  a  definite  form.  Does  it  aj)pear  from 
Experiment  2  that  the  change  of  velocity  produced  by  a 
given  force  in  a  unit  of  time  depends  upon  whether  the 
body  acted  upon  is  initially  at  rest  or  initially  in  motion  ? 
What  is  the  change  of  velocity  the  marble  undergoes 
during  the  first  unit  ?  What  during  the  second  ?  What 
during  the  third  ? 

What  we  have  learned  from  our  two  experiments  may  be 
summed  up  as  follows  : — The  effect  of  a  constant  force  acting 
alone  is  the  same  whether  the  body  acted  upon  is  initially  at 
rest  or  initially  in  motion ;  and  that  effect  is  to  produce  in  the 
body  acted  upon  a  change  of  velocity  whose  direction  is  the 
direction  of  the  force^  and  whose  magnitude  varies  directly  as 
the  intensity  of  the  force,  directly  as  the  time  during  rvliich  the 
force  acts,  and  inversely  as  tlie  mass  of  the  body  acted  upon. 

We  may,  of  course,  make  use  of  what  w^e  have  already 
learned  in  proceeding  with  any  further  investigations. 

Let  us  try  to  find  an  answer  to  the  question — Is  the 
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effect  of  a  force  the  same  ivhether  acting  alone  or  acting  in 
yconjunction  with  other  forces  ? 

Experiment  3. — Obtain  from  an  ironmonger  two  spring- 
balances.      From  pegs  A  and  B  (Fig.  26),  in  the  frame  of  a 
blackboard,  suspend  a 
known  weight  W  (say)  -S     E 

10  lbs.,  by  means  of 
two  strings  connected 
at  C.  In  each  of  these 
strings  insert  a  spring- 
balance,  as  in  the 
figure.  Allow  the 
combination  to  come 
to  rest.  Note  care- 
fully the  indication  of 
each  spring  -  balance. 
Mark  the  point  C  on 
the  blackboard  and 
take  down  the  apparatus 
cal  line  through  C 


Fig.  26. 


Join  CA  and  CB  and  draw  a  rerti- 
From  CA  cut  off  Ca  containing  as  many 
inches  as  the  spring-balance  placed  in  CA  indicated  pounds, 
and  from  CB  cut  off  Cb  containing  as  many  inches  as  the 
spring-balance  placed  in  CB  indicated  pounds.  Complete  the 
parallelogi-am  of  which  Ca  and  Cb  are  adjacent  sides  and  draw 
the  diagonal  CD.  Carefully  determine  the  length  and  the 
direction  of  CD.  Repeat  this  experiment  many  times,  using 
different  weights,  until  you  are  able  from  your  observations  to 
draw,  with  confidence,  a  general  conclusion.  Enunciate  this 
general  conclusion. 

Now  since,  in  our  experiment,  the  particle  at  C  under- 
goes no  change  of  motion,  it  is  obvious  that  the  effect  of 
the  force  W  (10  lbs.)  must  be  exactly  equal  and  opposite 
to  the  combined  effects  of  the  pulls  of  the  spring-balances 
(say  X  lbs.  and  y  lbs.  respectively).  We  have  already 
learned  what  the  effect  of  a  force  acting  alone  is  ;  and 
we  have  already  learned  (§  48)  what  the  resultant  of  two 
velocities  is.  The  change  of  velocity  produced  by  a  con- 
stant force  acting  alone,  during  a  given  time  on  a  given 
mass,  is  in  the  direction  of  the  force,  and  varies  directly 
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as  the  intensity  of  the  force.  Hence  Ca  iwo^ieAj  repre- 
sents the  change  of  velocity  arising  from  the  action  on  a 
nnit  mass  during  a  unit  of  time  of  the  force  x  lbs.  acting 
alone.  Likewise  Cb  represents  the  change  of  velocity 
arising  from  the  action  on  a  unit  of  mass  during  a  unit 
of  time  of  the  force  of  y  lbs.  acting  alone. 

Also  CD  represents  the  change  of  velocity  resulting 
from  the  compounding  (§  48)  of  the  changes  of  velocity 
rei)resented  by  Ca  and  by  Cb.  Therefore  CD  rej)resents 
the  change  of  velocity  arising  from  the  combined  action  on 
a  unit  mass  during  a  unit  of  time  of  the  forces  x  lbs.  and 
y  lbs.,  iwovided  each  of  these  forces,  when  acting  in  conjunc- 
tion loith  other  forces,  ^produces  the  same  effect  as  it  i^roduces 
when  acting  alone. 

Now  we  know  that  the  two  forces  x  lbs.  and  y  lbs. 
acting  together  actually  produce  an  effect  equal  in  magni- 
tude and  opi^osite  in  direction  to  that  produced  by  1 0  lbs. 
acting  vertically  downwards.  Does  the  line  CD  repre- 
sent a  change  of  velocity  equal  and  opposite  to  that 
produced  by  the  action  on  a  unit  of  mass  during  a  unit 
of  time  of  a  force  of  10  lbs.  whose  direction  is  vertically 
downwards  ?  In  other  words,  in  our  exj)eriment,  is  the 
line  CD  vertical  in  direction  and  1 0  inches  in  length  ? 

Having  satisfied  ourselves  on  this  point,  we  are  now 
prepared  to  make  a  full  statement  regarding  the  effect  of 
a  constant  force.  "What  we  have  learned  may  be  conven- 
iently enunciated  thus  : — 

§  53.  Second  Law  of  Motion.  —  Tlie  effect  of  a 
uniform  force  is  the  same  whetJier  the  body  acted  upon  is 
initially  at  rest  or  initially  in  motion,  whether  the  force  acts 
alone  or  in  conjunction  with  other  forces ;  and  this  effect  is 
to  produce  in  the  body  acted  upon  a  change  of  velocity,  whose 
direction  is  the  direction  of  the  force,  and  whose  magnitude 
varies  directly  as  the  intensity  of  the  force,  directly  as  the 
TIME  during  which  the  force  continuously  acts,  and  inversely 
as  the  MASS  of  the  body  acted  upon. 
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QUESTIONS 

Of  what  truths  stated  in  the  "Second  Law  of  Motion"  are 
the  following  facts  examples  ? 

1.  Two  iron  balls  of  different  sizes  dropped  from  the  same 
height  at  the  same  moment  reach  the  ground  together. 

2.  A  ball  let  fall  in  a  railway  carriage  running  40  miles  an 
hour  falls  to  the  floor  with  the  same  rapidity  as  if  let  fall  inside 
a  house. 

3.  The  speed  of  a  body  falling  freely  under  the  action  of  its 
weight  has  been  found  to  increase  32*2  feet-per-second  per 
second. 

4.  If  a  guinea  and  a  feather  are  enclosed  in  a  long  glass 
tube,  the  air  pumped  out  and  the  tube  closed,  it  is  obsei-ved 
on  turning  the  tube,  so  as  to  allow  them  to  fall  from  one  end 
to  the  other,  that  the  guinea  and  the  feather  fall  at  the  same 
rate.     "Why  do  they  not  so  fall  through  the  air  ? 

5.  If  tw'o  forces  of  10  lbs.  each  act  upon  a  particle  at  right 
angles  to  each  other,  it  is  found  that  a  force  of  10\/2  lbs.  is 
required  to  counterbalance  them,  and  that  it  must  act  along  a 
line  which  (produced  backwards)  bisects  the  angle  between  the 
two  equal  forces. 

§  54.  Falling  Bodies. — Having  learned  from  obser- 
vations what  the  effect  of  a  force  is,  we  are  now  in  a 
position  to  make  nse  of  this  knowledge  to  assist  us  in 
some  interesting  calculations.  Let  us  first  consider  a 
body,  initially  at  rest,  falling  freely  near  the  surface  of 
the  earth.  In  this  case  the  force  acting  upon  the  body 
is  constant  both  in  magnitude  and  in  direction,  and 
therefore  the  body  undergoes  a  uniform  acceleration  (§  49). 
Since  the  body  is  initially  at  rest  its  acceleration  is  in 
the  direction  of  its  motion  at  every  point,  and  therefore 
its  speed  changes  at  a  uniform  rate.  We  can  therefore 
investigate  its  motion  after  the  manner  indicated  in 
§  46.  In  like  manner  we  may  treat  motion  from  rest 
under  the  sole  influence  of  any  constant  force. 

The  acceleration  due  to  gravity  is  found  to  differ 
slightly  at  different  points  on  the  earth's  surface  (§  21). 
In  England  it  is  32'2  feet-per-second  per  second.     It  is 
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customary  to  represent  this  by  g.  If  we  have  to  deal  with 
a  body  under  the  simultaneous  influence  of  two  or  more 
forces,  we  must  bear  in  mind  the  fact  that  each  produces  the 
same  effect  as  if  it  acted  alone. 

PROBLEMS 

(Solve  these  problems  from  1  to  12  in  both  the  metric  and  the 
English  measures.) 

1.  Disregarding  the  resistance  of  the  air,  what  distance  will 
a  body  fall  from  a  state  of  rest  in  five  seconds  ? 

2.  What  distance  will  it  fall  during  the  fifth  second  ? 

3.  What  is  its  velocity  at  the  end  of  the  fifth  second  ? 

4.  A  stone,  dropj)ed  from  a  balloon,  strikes  the  ground  in 
seven  seconds.     How  high  is  the  balloon  ? 

5.  Under  the  influence  of  a  constant  force  a  body  moves 
from  rest  500™  in  a  minute.     How  far  will  it  go  in  an  hour  ? 

6.  What  will  be  its  velocity  at  the  end  of  the  first  half- 
hour  ? 

7.  How  far  will  it  move  during  the  fifty-ninth  minute  ? 

8.  A  body  falls  from  rest  to  the  ground  in  four  seconds  ; 
meantime  it  is  acted  on  by  a  constant  force  which  causes  it 
to  move  in  a  horizontal  direction  2"^  in  the  first  second. 
Where  will  it  strike  the  ground  ? 

9.  What  is  its  horizontal  velocity  at  the  end  of  the  fourth 
second  ? 

10.  What  is  its  vertical  velocity  at  the  end  of  the  fourth 
second  ? 

11.  With  what  vertical  velocity  must  a  body  start  that  it 
may  continue  to  ascend  during  three  seconds  ? 

12.  How  far  does  it  rise  during  the  first  second  ? 

13.  A  stone  is  thrown  upwards  with  a  velocity  of  161  feet- 
per-second,  and  two  seconds  afterwards  another  stone  with  a 
velocity  of  225-4  feet-per-second  ;  when  and  where  will  the 
stones  meet  ? 

14.  In  Question  13,  if  the  stones  had  been  projected  down- 
wards, when  and  where  would  they  liave  met  ? 

15.  A  stone  is  thrown  upwards  with  a  velocity  of  100  feet- 
per-second,  and  three  seconds  afterwards  another  stone  is  thrown 
upwards  with  a  velocity  of  200  feet-per-second  ;  find  their 
distance  apart,  four  seconds  after  the  first  stone  started. 

16.  A  stone  is  thrown  downwards  from  the  top  of  a  tower 
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three  seconds  after  one  is  dropped  ;  with  what  velocity  must 
:         it  be  thrown  so  as  to  overtake  the  other  in  four  seconds  ? 

17.  How  high  will  a  body  rise  which  is  thrown  vertically 
upwards,  and  returns  to  the  place  of  starting  in  ten  seconds  ? 

18.'  A  stone  falling  for  two  seconds  breaks  a  pane  of  glass, 
and  thereby  loses  one-half  of  its  velocity  ;  find  the  space  de- 
scribed in  six  seconds  from  starting. 

19.  A  body  is  projected  upwards  with  a  velocity  of  200  feet- 
per-second  ;  when  and  at  what  height  will  its  velocity  be  80 
feet-per-second  ? 

20.  A  stone  falling  from  rest  for  four  seconds  passes  through 
a  pane  of  glass,  thereby  losing  one-third  of  its  velocity,  and 
reaches  the  ground  three  seconds  afterwards  ;  find  the  height 
of  the  glass. 

21.  Gravity  at  the  surface  of  the  planet  Jupiter  being  about 
2-6  times  as  great  as  at  the  surface  of  the  earth,  find  the  dis- 
tance traversed  and  velocity  acquired  by  a  body  falling  from 
rest  for  five  seconds  towards  Jupiter  from  a  point  near  its 
surface. 

22.  A  stone  is  projected  upwards  with  an  initial  velocity 
of  60  feet-per-second,  and  has  a  negative  acceleration  of  10  feet- 
per-second  per  second  ;  how  high  will  it  rise  ? 

J  §  55.  Projectiles. — Experiment. — Take  a  bottomless 
'7^  tin  can  A  (Fig.  27),  and  connect  an  india-rubber  tube  C,  2°* 
<J^  long,  with  a  glass  tube  passing  through  a  stopper  at  B,  and 
insert  a  short  glass  tube  at  D.  Keep  the  can  filled  with  water, 
bend  the  lower  part  of  the'  india-rubber  tube  at  D,  so  as  to 
direct  the  stream  at  different  angles  of  elevation,  and  observe 
the  peculiarities  of  the  curves  formed  by  the  streams,  and  the 
different  vertical  and  horizontal  distances  reached  by  each. 

In  this  experiment  you  have  a  miniature  representation 
of  the  paths  of  all  projectiles, ^  such  as  cannon-balls,  stones 
thrown  from  the  hand,  etc.  The  horizontal  distance  that 
the  projectile  attains  is  called  its  range.  Tlieoretically, 
the  greatest  range  is  obtained  at  an  angle  of  45"  ;  but 
practically,  on  account  of  the  resistance  of  the  air,  it  is  at 
a  little  less  than  40°. 

Every  projectile  is  acted  upon  by  two  forces  :  (l)  the 

1  Projectile,  a  body  thrown. 
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force  of  gravity,  and  (2)  the  resistance  of  the  air.  It  also 
has  a  certain  speed  and  direction  at  the  instant  of  projec- 
tion.    If  this  speed  and  direction  are  known,  and  the 


Fig.  27. 

resistance  of  the  air  is  disregarded,  the  path  of  a  projectile 
can  be  determined.  Thus,  supj)Ose  that  a  projectile  is 
thrown  from  A  (Fig.  28)  at  an  angle  of  45°,  that  it  is  in 


the  air  six  units  of  time,  and  that  the  vertical  heights 
reached  at  the  end  of  the  first  three  units  successively 
are  B,  C,  and  D.  Its  horizontal  motion,  if  unimpeded, 
is  uniform,  and  the  corresponding  points  reached  in  that 
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direction  at  the  same  moments  are  (say)  B',  C,  and  D'. 
Combining  these  two  motions,  we  obtain  the  points  B",  C", 
and  D",  reached  by  the  projectile  successively,  at  the  end 
of  each  of  the  first  three  units  of  time.  The  force  of 
gravity  constantly  acting  to  change  its  direction,  it  must 
describe,  during  the  first  three  units,  the  curved  line 
AB"C"D".  Since  the  time  of  ascent  and  descent  are 
equal,  it  must  reach  its  greatest  vertical  height  at  the  end 
of  the  third  unit,  when  it  begins  its  descent.  The  path 
of  descent  D"E"r"G"  is  found  in  a  similar  manner  The 
path  thus  described  is  known  as  a  parabolic  curve.  The 
curve  D"E"r"G"  represents  also  the  path  of  a  projectile 
thrown  from  D",  in  the  direction  of  the  line  D"G',  with 
a  horizontal  velocity  that  would  cause  it  to  reach  G'  at 
the  end  of  the  third  unit  of  time. 


QUESTIONS 

1.  Why  are  AB',  B'C,  and  CD'  (in  the  figiu-e)  equal  ? 

2.  What  are  the  relative  lengths  of  DC,  CB,  and  BA  ? 

3.  If  the  initial  speed  of  this  projectile  is  96*6  \/2  fe'et- 
per-second,  what  is  its  speed  at  the  point  D"  ? 

4.  How  high  does  it  rise  ? 

5.  What  is  its  speed  at  the  end  of  the  first  second  ? 

6.  What  is  its  range  ? 

§  56.  Component  Velocities. — It  is  obvious  that 
a  velocity  produces  no  displacement  in  a  direction  at 
right  angles  to  itself. 
Hence  to  find  the  effect- 
ive component  in  a  given 
direction  of  a  given 
velocity  we  have  the 
following  construction. 
Draw  AB  (Fig.  29) 
to  represent,  on  some 

convenient  scale,  the  given  velocity  in  magnitude  and 
direction.  Let  AC  be  the  direction  in  which  we  wish 
to  find  the  effective  component  of   this  given  velocity. 


Fig.  29. 
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From  B  draw  BD  at  right  angles  to  AC  and  coinj)lete 
the  j)arallelograni  ADBE.  It  lias  been  shown  (§  48) 
that  AB  rej)resents  the  resultant  of  the  velocities  repre- 
sented by  AD  and  by  AE.  Now  since  AD  and  AE  are 
at  riglit  angles  to  each  other,  a  movement  along  one  causes 
no  displacement  in  the  direction  of  the  other.  Therefore 
AD  represents  the  effective  component  of  the  given 
velocity  in  the  direction  AC. 

The  ratio  of  AD  to  AB  dej^ends,  of  course,  upon  the 
angle   BAD.      If    the   angle   BAD    is    45°,     AD  =  BD 

AD         1 
(Euclid  I.  32,  6)  and  therefore  ±^  =  J-    (EucJid  I.  47). 

If  the  angle  BAD  is  30°,  the  triangle  ABD  is  half  of 
an  ecxuilateral  triangle  (Euclid  I.  5,  32)  and  BD  =  J  AB. 

Therefore  in  this  case  AD  =  —  AB. 

2 

§  57.  Investigation  of  Projectiles  continued, — 

In  investigating  the  paths  of  projectiles  we  shall  find  it 
convenient  to  consider  the  horizontal  and  vertical  motions 
separately. 

If  we  neglect  the  resistance  of  the  atmosphere,  which, 
for  the  sake  of  simplicity,  we  shall  do,  the  horizontal 
motion  is  a  uniform  motion  ;  while  the  vertical  motion  is, 
during  the  upward  flight,  a  uniformly  retarded,  and, 
during  the  downward  flight,  a  uniformly  accelerated 
motion.     Why  ? 

The  horizontal  velocity  is,  of  course,  the  horizontal 
component  of  the  absolute  initial  velocity,  and  the  initial 
vertical  velocity  is  the  vertical  component  of  the  same. 

The  chief  elements  to  be  considered  are  the  initial 
absolute  velocity  (that  is,  the  initial  velocity  in  the  line 
of  projection),  the  direction  of  the  projection,  the  time  of 
flight,  the  highest  j)oint  of  patli,  the  range,  the  absolute 
velocity  at  any  given  moment  after  j^rojection,  and  the 
l^osition  of  the  projectile  at  any  given  moment  after 
projection. 
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Example.  — Let  a  cannon-ball  be  fired  on  a  horizontal  plane, 
with  a  velocity  of  1544  feet-per-second,  at  an  angle  of  30° 
above  the  horizon. 

The  horizontal         velocity  =  772  V3  feet-per-second. 
,,    initial  vertical         ,,      =772  ,,  ,,      (56). 

The  acceleration  due  to  gravity  =  32^  feet-per-second  per 
second  (§  5 4)' vertically  downward. 

The  ball  aWU  continue  to  rise  until  the  action  of  gravity 
reduces  its  vertical  velocity  to  zero,  and  it  will  then  continue 
to  descend  until  it  strikes  the  plane.  Since  its  vertical  motion 
is  influenced  by  gi-avity  dming  the  fall  as  well  as  during  the 
rise,  the  time  of  falling  is  the  same  as  the  time  of  rising. 

Hence,  the  time  of  flight=  —  -  x  2  =  48  seconds. 

Since  during  all  this  time  the  horizontal  velocity  is  uniform, 
and  772\/3  feet-per-second,  therefore  the  range  =  (772\/3  x  48) 
feet. 

To  find  the  highest  point  of  path,  find  the  height  to  which 
a  body  having  an  initial  upward  vertical  velocity  of  772  feet- 
per-second  will  rise  in  24  seconds. 

Therefore,  highest  point  of  path  =|772x24-^x  (24)2  l  ft. 

=      9264  feet. 

To  find  the  position  of  the  ball  at  the  end  of  14  seconds, 
find  its  height  at  this  moment  by  considering  its  vertical 
motion,  and  find  its  horizontal  position  at  the  same  moment 
by  considering  its  horizontal  motion.  Having  its  height  and 
horizontal  position,  its  absolute  position  is  of  coui-se  fixed. 
Work  this  out. 

To  find  the  absolute  velocity  of  the  ball  at  the  end  of  14 
seconds,  square  the  measures  of  its  vertical  and  horizontal 
velocities  at  this  moment,  and  extract  the  square  root  of  the 
sum  of  these  squares.     Why  ? 

The  horizontal  velocity  is  uniformly  772y3  feet-per-second. 

The  vertical  velocity  at  end  of  14  seconds  is  (772  -  32^  x  14) 
feet -per -second  =  32  If  feet-per-second.  Hence  the  absolute 
velocity  at  the  end  of  14  seconds  =  \/(772V3)2^321|)2  feet- 
per-second. 

The  student  who  keeps  in  mind  the  fact  that  the  vertical 
and  horizontal  velocities  of  a  projectile  may  be  considered 
independently,  will  not  find  difficulty  in  dealing  with  any 
similar  problem. 
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QUESTIONS 

1.  A  particle  is  projected  at  an  angle  of  45°  with  the  horizon 
from  a  point  on  a  horizontal  plane,  with  a  speed  1000  feet- 
per-second.  Find  its  range,  and  find  its  distance  from  the 
point  of  projection  at  the  end  of  five  seconds. 

2.  A  particle  is  projected  at  an  angle  of  30°  from  a  point  on 
a  horizontal  plane,  and  its  total  range  is  5000  feet.  What 
is  the  speed  of  projection  ? 

3.  A  particle  is  projected  at  an  angle  of  30°  from  a  point 
on  a  horizontal  plane,  and  the  highest  point  it  reaches  is  500 
feet  above  the  plane.  What  is  the  speed  of  projection,  and 
the  total  range  ? 

4.  A  ball  is  fired  from  the  gi'ound  at  an  angle  of  45°,  so  as 
just  to  pass  over  a  wall  10  feet  high  at  a  distance  of  260  feet. 
Where  will  it  strike  the  gi'ound  ? 

5.  "  Swift  of  foot  was  Hiawatha  ; 

He  could  shoot  an  arrow  from  him. 

And  run  forward  with  such  fleetness 

That  the  arrow  fell  behind  him  ! 

Strong  of  arm  was  Hiawatha  : 

He  could  shoot  ten  arrows  upward. 

Shoot  them  with  such  strength  and  swiftness, 

That  the  tenth  had  left  the  bowstring 

Ere  the  first  to  earth  had  fallen." 

Neglecting  the  resistance  of  the  air,  taking  g  =  32,  suppos- 
ing one  second  to  elapse  between  the  discharge  of  each  of  the 
ten  arrows,  and  making  Hiawatha  shoot  at  his  longest  range, 
find  the  speed  he  must  have  been  capable  of  exceeding. 

§  58.  Curvilinear  Motion. — If  a  body  is  moving 
in  a  curve  under  the  influence  of  a  single  external  force, 
what  is  necessary  regarding  the  direction  of  this  force  '? 
If  the  body  is  moving  with  constant  speed,  what  is  neces- 
sary regarding  the  direction  of  this  force  ?  In  the  latter 
case  can  the  force  have  any  component  in  the  direction 
in  which  the  body  is  moving  ? 

Suppose  a  ball  at  A  (Fig.  30),  suspended  by  a  string  from 
a  point  d,  to  be  struck  by  a  bat,  in  a  manner  that  would  cause 
it  to  move  in  the  direction  Ao.  At  the  same  time  it  is 
restrained  from  taking  that  path  by  the  tension  of  the  string, 
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which  operates  like  a  force  drawing  it  toward  d.  It  therefore 
takes,  in  obedience  to  the  two  forces,  an  intermediate  course  to- 
ward c.  At  c  its  motion  is  in  tlie  direction  en,  in  which  path 
it  would  move,  but  for  the  string,  in  accordance  with  the  first 
law  of  motion.  Here,  again,  it  is 
compelled  to  take  an  intermediate 
path  toward  e.  Thus,  at  every 
point,  the  tendency  of  the  mov- 
ing body  is  to  preserve  the 
direction  it  has  at  that  point, 
and  consequently  to  move  in  a 
straight  line.  The  only  reason 
it  does  not  so  move,  is  that  it  is 
at  every  point  forced  from  its 
natural  path  by  the  pull  of  the 
string.  But  if,  when  the  ball 
reaches  the  point  i,  the  string  is 
cut,  the  ball,  having  no  force 
operating  to   change  its  motion, 

continues  in  the  direction  in  which  it  is  moving  at  that  point ; 
i.e.  in  the  direction  ih,  which  is  a  tangent  to  its  former 
circular  path. 

This  tendency  of  a  body  moving  in  a  curvilinear  path 
to  fly  off  in  a  straight  line  has  been  erroneously  attributed 
to  a  supposed  "centrifugal  force,"  which  is  constantly 
urging  it  away  from  the  centre,  its  escape  being  prevented 
only  by  a  force  pulling  it  toward  the  centre. 

Centrifugal  force  has  in  reality  no  existence ;  the 
results  that  are  connnonly  attributed  to  it  are  due  entirely 
to  the  tendency  of  moving  bodies  to  move  in  straight 
lines  in  consequence  of  their  inertia.  If  a  moving  body 
is  to  describe  a  curvilinear  path,  a  force  called  a  cmtri- 
pelal  force  must  be  constantly  applied  to  it  at  an  angle  to 
its  otherwise  straight  path. 

The  greater  the  speed  of  the  moving  body,  the  greater 
must  be  the  force  applied  to  produce  a  given  departure 
from  a  straight  line.  This  may  be  shown  by  suspending 
a  weight  to  a  dynamometer,  and  swinging  tliem  about  the 
hand.  If,  wiien  thirty  revolutions  are  made  in  a  minute, 
G 
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the  force,  as  indicated  by  the  dynamometer,  is  4  pounds, 
then,  on  doubling  its  speed,  the  force  will  be  increased  to 
16  pounds.  If  the  weight  is  doubled  and  the  speed 
remains  the  same,  this  force  will  be  doubled.  As  the 
radius  of  the  circle  described  is  increased  the  necessary 
centripetal  force  is  diminished.  Hence,  to  produce  circular 
motion,  the  centripetal  force  must  he  increased  as  the  square 
of  the  speed  increases,  and  as  the  mass  increases,  and  dim- 
inished as  the  radius  of  the  circle  described  increases. 

The  farther  a  point  is  from  the  axis  of  motion,^  the 
farther  it  has  to  move  during  a  rotation,  consequently  the 
greater  its  speed.  Hence,  bodies  situated  at  the  earth's 
equator  have  the  greatest  speed,  due  to  the  earth's  rota- 
tion, and  consequently-  a  greater  fraction  of  the  attraction 
of  gravitation  is  required  to  keep  them  moving  in  the 
circular  path,  hence  the  "  apparent  weight  "  is  less.  Of 
course  the  radius  of  the  circle  described  is  greater  in  this 
case,  but  the  necessary  centripetal  force  varies  directly  as 
the  square  of  the  speed,  and  inversely  only  as  the  first 
power  of  the  radius.  It  is  calculated  that  a  body  weighs 
about  2-|-g-  less  at  the  equator  than  at  either  pole,  in  con- 
sequence of  the  greater  centripetal  force  at  the  former 
place.  But  289  is  the  square  of  17  ;  hen,ce,  if  the  earth's 
rate  of  rotation  were  increased  seventeen-fold,  objects  at 
the  equator  would  weigh  nothing. 

We  have  also  learned  (§21)  that  a  body  weighs  more 
at  the  poles  in  consequence  of  the  oblateness  of  the 
earth.  This  is  estimated  to  make  a  difference  of 
about  5  J^.  Hence,  a  body  will  weigh  at  the  equator 
about  5^^  +  irg^y^  =  j^j  less  than  at  the  polos. 

Experiment. — Arrange  some  kind  of  rotating  apparatus, 
e.g.  A,  Fig.  31.  Suspend  a  skein  of  thread  a  by  a  string,  and 
rotate.  Suspend  a  glass  fish  aquarium  e,  about  one -tenth 
full  of  coloured  water,  and  rotate.       Pass  a  string  tlnough  the 

*  Axis,  an  imaginary  straight  line  passing  through  a  body 
about  wliicb  it  rotates. 
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longest  diameter  of  an  onion  c,  and  rotate.     State  and  explain 
the  result  in  each  case. 

QUESTIONS 

1.  Why  does  not  the  sphere  d  (Fig.  31)  change  its  position 
rhen  rotated  ? 

2.  State  the  various  facts  illustrated  in  the  act  of  slinging  a 
stone. 


/         <^-^^-\    t 


Fig.  31. 

3.  (a)  When  will  water  and  mud  fly  off  from  the  surface  of 
a  revolving  wheel?  (b)  Why  do  they  fly  off"?  (c)  In  what 
direction  do  they  fly  ? 

4.  What  is  the  force  that  keeps  the  earth  and  the  other 
planets  in  their  orbits  ? 

5.  How  do  you  account  for  their  curvilinear  motion  ? 

6.  Understanding  that  the  earth  and  moon  revolve  monthly 
about  their  common  centre  of  mass,  what  is  the  centripetal  force 
acting  upon  each  ? 

7.  How  can  you  account  for  the  high  water  (tide)  on  the 
side  of  the  earth  opposite  the  moon  ? 

8.  How  can  you  account  for  the  fact  that  the  equatorial 
diameter  of  the  earth  exceeds  the  polar  diameter  ? 

§  59.  Momentum. — It  has  already  been  ol)served 
(§52)  that  all  bodies,  under  the  action  of  gravity,  fall 
at  the  same  rate.  Thus  if  a  one-pound  iron  ball  and  a 
two-pound  iron  ball  be  allowed  to  fall  from  rest  freely 
during  one  second,  each  at  the  end  of  the  second  has 
acquired  a  velocity  of  32-2  feet-per-second.  Now,  on  tlie 
one-pound  ball  a  force  whose  intensity  is  one  pound  haa 
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acted  continuously  during  one  second,  wliile  on  the  two- 
pound  ball  a  force  whose  intensity  is  two  pounds  has 
acted  continuously  during  one  second.  Compare  the 
effects.  Each  force  has,  during  the  second,  produced  the 
same  change  of  velocity,  namely,  from  rest  to  32-2  feet- 
per-second  ;  but  has  each  produced  the  same  change  of 
motion  ?  In  other  words,  has  each  produced  the  same 
effect  ?  Imagine  the  force  of  two  pounds  to  be  divided 
into  two  equal  forces  of  one  pound  ;  can  you  imagine 
these  two  equal  forces  to  produce  in  one  second  an  effect 
other  than  twice  that  produced  by  one  of  them  in  the 
same  time  ?  Evidently  not.  Then  we  must  consider 
that  tlie  quantity  of  motion  in  a  two-pound  body  having 
a  velocity  of  3 2 '2  feet-per-second  is  exactly  double  that 
in  a  one-pound  body  having  the  same  velocity.  Again,  if 
you  allow  tlie  one-pound  ball  to  fall  from  rest  freely  during 
two  seconds,  it,  at  the  end  of  the  two  seconds,  is  found 
to  have  a  velocity  of  64*4  feet-per-second.  Now,  a  one- 
pound  force  acting  continuously  during  two  seconds  must 
produce  just  double  the  effect,  in  changing  motion,  of  the 
same  force  acting  continuously  during  one  second.  Hence 
we  must  conclude  that  a  body  of  one  pound  with  a  velocity 
of  64-4  feet-per-second  has  exactly  double  the  quantity  of 
motion  possessed  by  a  one-pound  body  with  a  velocity  of 
32-2  feet-per-second.  To  that  which  we  have  called 
quantity  of  motion  the  name  inomentum  has  been  given. 

It  will  be  seen  from  the  foregoing  that  the  momentum 
of  a  body  varies  directly  as  the  mass  of  the  body,  and 
also  varies  directly  as  the  velocity  of  the  body.  Hence 
a  proper  measure  of  the  momentum  of  a  body  is  the  pro- 
duct of  the  measure  of  its  mass  into  the  measure  of  its 
velocity.  The  direction  of  the  momentum  is,  of  course, 
the  direction  of  the  velocity.  We  may  also  say  that  a 
uniform  force  acting  on  a  body  produces  a  chanr/e  of  momen- 
tum in  its  own  direction  projjortional  to  the  intensity  of  the 
force,  and  proportional  to  tlie  time  during  ivhich  the  force 
continuously  acts. 


'ill  DYNAMICS  85 


QUESTIONS  AND  PROBLEMS 

1.  Compare  the  momenta  of  a  car  weighing  50  tons,  moving 
10  feet  per  minute,  and  a  himp  of  ice  weighing  5  cwt.,  at  the 
end  of  the  third  second  of  its  fall. 

2.  Why  are  pile-drivers  made  heavy  ?  Why  raised  to  great 
heights  ? 

3.  A  boy  weighing  25^  must  move  vdth.  what  velocity  to 
have  the  same  momentum  that  a  man  has  weighing  80^  nmuing 
at  the  rate  of  10^™  per  hour  ? 

4.  A  body  has  a  certain  momentum  after  falling  through  a 
certain  space.  How  many  times  this  space  must  it  fall  to 
double  its  momentum  ? 

§  60.  Third  Law  of  Motion. — It  has  been  shown 
(§  50)  that  motion  cannot  originate  in  a  single  body  but 
arises  from  mutual  action  between  two  bodies.  For 
example,  a  man  can  lift  himself  by  pulling  on  a  rope 
attached  to  some  other  object,  but  not  by  his  boot-straps, 
or  a  rope  attached  to  his  feet.  Whenever  one  body 
receives  motion,  another  body  always  parts  with  motion, 
or  is  set  in  motion  in  an  opposite  direction  ;  that  is,  in 
every  change  in  regard  to  motion  there  are  always  at  least 
two  bodies  oppositely  affected. 

Experiment. — Float  two  blocks  of  wood  of  unequal  masses 
on  water,  connecting  them  by  a  stretched  india-rubber  band. 
Let  go  the  blocks.  Do  both  move,  or  only  one  ?  Do  they 
move  equally  ?  Float  a  magnet  on  a  piece  of  cork  and  float 
a  piece  of  iron  near  it  on  another  piece  of  cork.  What  is  the 
result  ? 

A  man  in  a  boat  weighing  one  ton  pulls  at  one  end  of  a 
rope,  the  other  end  of  which  is  held  by  another  man,  who 
weighs  twice  as  much  as  the  first  man,  in  a  boat  weighing  two 
tons :  both  boats  will  move  towards  each  other,  but  in  oppo- 
site directions  ;  the  lighter  boat  will  move  twice  as  fast  as  the 
heavier,  but  with  the  same  momentum. 

If  the  boats  are  near  each  other,  and  the  men  push  each 
other's  boats  with  oars,  the  boats  will  move  in  o]>posite  direc- 
tions, though  yfith  diflferent  velocities,  yet  with  equal  mo- 
menta. 
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The  opiDosite  imj)iilses  received  by  the  bodies  con- 
cerned are  usually  distinguished  by  the  terms  action  and 
reaction.  We  measure  these  by  their  momenta.  As 
every  force  is  either  a  push  or  a  pull  (§  12),  and  produces 
equal  momenta  in  two  bodies  in  opposite  directions, 
hence  the 

Third  Law  of  Motion  :  To  every  action  there  is  an 
equal  and  opposite  reaction. 

The  application  of  this  law  is  not  always  obvious. 
Thus,  the  a23j)le  falls  to  the  ground  in  consequence  of  the 
mutual  attraction  between  the  apple  and  the  earth.  The 
earth  does  not  appear  to  fall  toward  the  apple.  But, 
allowing  that  their  momenta  are  equal,  we  are  not  sur- 
prised that  the  motion  of  the  earth  is  imperceptible,  when 
we  reflect  that  the  velocity  of  the  earth  must  be  the  same 
fraction  of  the  velocity  of  the  apple  as  the  mass  of  the 
apple  is  of  the  mass  of  the  earth  (§  59). 

QUESTIONS 

1.  The  velocity  of  the  rebound  or  "kick  "  of  a  gun  is  sHght 
when  compared  with  the  velocity  of  the  ball.     Why  ? 

2.  In  rowing  a  boat,  what  are  the  opposite  results  of  the 
stress  between  the  oar  and  the  water  ? 

3.  Point  out  the  results  of  the  action  and  reaction  that 
occiu'  when  a  person  leaps  from  the  ground. 

4.  If  there  were  no  ground  or  other  object  beneath  him, 
and  he  were  motionless  in  space,  could  he  put  himself  in 
motion  ?     AVhy  ? 

5.  A  boy,  running,  strikes  his  head  against  another  boy's 
head.     Which  is  hurt  ?     Why  ? 

6.  Suspend  two  balls  of  soft  putty  of  equal  weight,  A  and 
B  (Fig.  32).  Draw  A  one  side,  and  let  it  fall  so  as  to  strike 
B.  Both  balls  will  then  move  on  together ;  Avith  what 
momentum  compared  with  A's  momentum  when  it  strikes  B  ? 

7.  What  will  be  the  momentum  of  each  ball  after  A  strikes 
B,  com])ared  with  A's  momentum  when  it  strikes  B  ? 

8.  How  will  their  velocity  compare  with  A's  velocity  when 
it  strikes  B  ? 
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9.  Raise  A  and  B  equal  distances  in  opix)site  directions,  and 
let  fall  so  as  to  collide.  What  is  the  result  ?  Show  that  this 
result  is  consistent  with  the  third  law  of  motion. 
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Fig.  32. 


10.  Substitute  for  the  inelastic  putty  balls  ivory  billiard 
balls,  which  are  highly  elastic.  Let  A  strike  B.  AVhat  is  the 
result  ?  Show  that  this  result  is  consistent  with  the  third 
law  of  motion. 

11.  Suspend  four  ivory  balls,  C,  D,  E,  and  F.  Let  C  strike 
D.  What  happens  ?  Trace  the  actions  and  reactions  through- 
out. 

12.  What  would  happen  if  the  four  balls  were  inelastic  ? 

Although  the  laws  of  motion  are  clearly  indicated  by 
the  experiments  and  observations  that  have  been  men- 
tioned, their  proof,  so  far  as  rigorous  proof  is  attainable 
in  physical  matters,  is  furnished  in  the  most  conclusive 
form  by  observational  astronomy.  The  Nautical  Almanac, 
published  usually  about  four  years  in  advance,  contains 
the  predicted  places  of  the  sun,  moon,  and  principal 
planets  from  day  to  day,  in  some  cases  from  hour  to  hour, 
throughout  the  year.  These  predictions  are  based  en- 
tirely upon  the  laws  of  motion  (along  with  the  law  of 
gravitation),  and  could  not  be  accurate  unless  these  laws 
are  true.  The  coincidence  between  prediction  and  obser- 
vation has  been  almost  perfect,  and  variations  from 
absolute  coincidence  have  been  found  to  be  due  not  to 
errors  in  the  statement  of  the  laws,  but  to  errors  in  our 
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estimates  of  the  masses  of  the  planets,  or  of  their  orbits. 
Indeed,  in  the  brilliant  investigations  of  Adams  and 
Leverrier  these  slight  variations  from  absolute  coinci- 
dence between  prediction  and  observation  have  enabled 
lis  to  discover  the  existence,  and  even  to  assign  the 
position  of  a  planet  never  before  seen.  Although  these 
laws  were  first  systematised  and  extended  by  Newton, 
after  whom  they  have  been  named,  they  were  under- 
stood to  some  extent  some  time  before  by  Galileo  and 
others. 

§  61.  Law  of  Reflection. — Experiment  1.— Hold  D 
(Fig.  32)  firmly  in  its  place,  and  allow  C  to  strike  it.  D  being 
immovable,  C's  entire  momentum  is  sjient  in  compressing  the 
balls,  and,  on  recovering  their  shape,  C  is  thrown  back  to  its 
starting-point  at  C  But  in  this  case  the  hand  exerts  as  much 
force  to  prevent  the  motion  of  D 
as  would  be  necessary  to  project  C 
to  C.  JVfien  an  elastic  body  strikes 
another  fixed  perfectly  elastic  body, 
it  rehouiids  with  its  oi'iginal  momen- 
tum. 

Experiment  2. — Lay  a  marble 
slab  A  (Fig.  33)  upon  a  table,  and 
'^  roll  an  ivory  ball  in  the  line  DC, 
perpendicular  to  the  surface  of  the 
slab  ;  the  ball  rebounds  in  the  same  line  to  D.  Roll  the 
ball  in  tlie  line  BC  ;  it  rebounds  in  the  line  CE.  The  angle 
BCD,  which  its  forward  path  makes  with  DC,  a  perpendicular 
to  the  surface  struck,  is  called  the  angle  of  incidence.  The 
angle  ECD,  which  its  retreating  path  makes  with  the  same 
perpendicular,  is  called  the  angle  of  reflection. 

It  is  found  by  measurement  that  these  angles  are 
nearly  equal  when  the  two  bodies  are  very  elastic.  This 
equality  is  expressed  by  the  Law  of  Eeflection  :  When 
the  striking  body  and  the  body  struck  are  peifectly  elastic, 
the  angle  of  reflection  is  equal  to  the  angle  of  incidence. 

By  resolving  the  velocity  of  the  ball  into  two  com- 
ponents, one  at  right  angles  to  the  fixed  plane  and  the 
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other  parallel  to  it,  show  that  tliis  law  is  a  necessary 
consequence  of  the  laws  of  motion. 

§  62.  "Work. — A  force  may  produce  either  motion  or 
pressure  (or  tension),  or  it  may  produce  both  effects  at  the 
same  time  and  in  the  same  body.  But  a  force  does  work,  in 
the  sense  in  which  tliis  term  is  used  in  science,  only  lohcn  it 
prodtices  motion  in  a  body.  The  body  that  is  moved  is  said  to 
have  ivork  done  upon  U  ;  and  the  body  that  moves  another  body  is 
said  to  do  work  upon  the  latter.  "When  the  heavy  weight  of  a 
pile-driver  is  raised,  work  is  done  upon  it ;  when  it  descends 
and  drives  the  pile  into  the  earth,  work  is  done  upon  the  pile, 
and  the  pile  in  turn  does  work  upon  the  matter  in  itt  path. 

Whenever  a  force  causes  motion,  it  does  work.  A  force  may 
act  for  an  indefinite  time  without  doing  any  work  ;  but  when- 
ever a  force  acts  on  a  body  through  space,  work  is  done.  Force 
and  space  (or  distance)  are  essential  elements  of  work,  and  are 
naturally  the  quantities  employed  in  estimating  work.  A  given 
force  producing  motion  through  a  space  of  one  metre  will  do  a 
certain  amount  of  work  ;  it  is  evident  that  the  same  force  pro- 
ducing motion  through  a  space  of  two  metres  will  do  twice  as 
much  work.     Hence  the  general  formula, 

W  =  FS  (1), 

in  which  W  represents  the  Avork  done,  F  the  force  employed, 
and  S  the  space  through  which  the  force  produces  motion. 

In  case  a  force  encounters  resistance,  the  magnitude  of  the 
force  necessary  to  produce  motion  depends  upon  the  amount  of 
resistance.  Indeed,  in  cases  in  which  the  body  having  been 
moved  through  a  given  space  comes  to  rest  in  consequence  of 
resistance,  the  entire  work  done  upon  the  body  is  often  more 
conveniently  determined  by  multiplying  the  measure  of  the  re- 
sistance by  the  measure  of  the  space  through  which  it  is  overcome, 
and  our  formula  becomes  by  substitution  of  resistance,  R,  for 
the  force  which  overcomes  it, 

W  =  RS  (2). 

For  example,  a  ball  is  shot  vertically  ujjward  from  a  rlHe  in  a 
vacuum  ;  the  work  done  upon  tlie  ball  may  be  estimated  by 
multiplying  the  measure  of  the  average  force  (difficult  to  ascer- 
tain) exerted  upon  it  by  the  measure  of  the  space  through 
which  this  force  acts  (a  little  greater  than  the  lengtli  of  the 
barrel),  or  by  multiplying  the  measure  of  the  resistance  ottered 
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by  gi-avity,  i.e.  its  weiglit  (easily  ascertained)  by  the  measure 
of  the  distance  the  ball  ascends.  Also,  in  case  the  motion 
produced  is  uniform,  the  resistance  and  the  force  are  equal, 
and  it  is  immaterial  which  formula  is  used.  When  there  is  no 
resistance  and  the  only  effect  is  acceleration,  as  when  a  body 
falls  freely  in  a  vacuum,  we  must  estimate  the  work  done  (in 
this  case  by  gravity)  by  the  first  formula.  When  it  is  required 
to  estimate  only  that  part  of  the  work  done  in  producing 
acceleration,  the  formulas  given  in  §  68  will  be  found  con- 
venient, work  being  substituted  for  enei'gy,  inasmuch  as  both 
are  measured  by  the  same  units. 

§  63.  Unit  ofWork. — We  shall  first  consider  the  unit 
employed  when  resistance  is  taken  as  one  of  the  elements  of 
work.  The  unit  of  work  adopted  by  the  French  is  the  work 
done  in  raising  1*^  through  a  vertical  height  of  1™  against  the 
action  of  gravity.  It  is  called  a  kilogravwieter  (abbreviated 
kgm^_  The  English  unit  of  work  is  that  done  in  raising  one 
pound  one  foot,  and  is  called  a.  foot-pound.  The  kilogrammeter 
is  about  T\  (more  accurately,  7 '233)  times  the  foot-pound. 
Now,  since  the  work  done  in  raising  1^  l*"^  high  is  l^gm^  the 
work  of  raising  it  10™  high  is  lO'^^,  which  is  the  same  as  the 
work  done  in  raising  10^  1*^  high  ;  and  the  same,  again,  as 
raising  2*^  5™  high. 

There  are  many  other  kinds  of  work  besides  that  of  raising 
weights.  But  since,  with  the  same  resistance,  the  work  of 
producing  motion  in  any  other  direction  is  just  the  same  as  in 
a  vertical  direction,  it  is  easy,  in  all  cases  in  which  the  two 
elements  of  work  (viz.  resistance  and  space)  are  known,  to  find 
the  equivalent  in  work  done  in  raising  a  weight  vertically.  By 
thus  securing  a  common  standaid  for  measurement  of  Avork,  we 
are  able  to  compare  any  s^^ecies  of  work  with  any  other.  For 
instance,  let  us  compare  the  Avork  done  by  a  man  in  sawing 
through  a  stick  of  wood,  whose  saAV  must  move  10"*  against  an 
average  resistance  of  12^,  Avith  that  done  by  a  bullet  in  pene- 
trating a  plank  to  a  depth  of  2*='"  against  an  average  resistance 
of  200^^.  Moving  a  saAV  10*"  against  12''  resistance  is  equiva- 
lent to  raising  12''  10'"  high,  or  doing  120''8™  of  Avork  ;  a 
bullet  moving  2""  against  200''  resistance  does  as  much  Avork 
as  is  required  to  raise  200''  2""  high,  or  200  x  '02  =  4''^'"  of 
Avork.  120-4-4  =  80  times  as  much  Avork  done  by  the  saAvyer 
as  by  the  bullet. 
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§  64.  Rate  of  doing  Work. — In  estimating  the 
total  amount  of  work  done,  the  time  consumed  is  not 
taken  into  consideration.  The  work  done  by  a  hod- 
carrier,  in  carrying  1000  bricks  to  the  top  of  a  building, 
is  the  same  whether  he  does  it  in  a  day  or  a  week.  But 
in  estimating  the  power  of  any  agent  to  do  work,  as  of  a 
man,  a  horse,  or  a  steam-engine,  in  other  words,  the  rate 
at  which  it  is  capable  of  doing  work,  it  is  evident  that 
time  is  an  important  element.  The  work  done  by  a 
horse,  in  raising  a  barrel  of  flour  20  feet  high,  is  about 
4000  ft. -lbs.  ;  but  even  a  mouse  could  do  the  same 
amount  of  work  in  time.  The  unit  in  which  rate  of 
doing  work  is  usually  expressed  is  a  horse-poiver.  Early 
tests  showed  that  a  very  strong  horse  may  perform  33,000 
ft.-lbs.  of  work  in  one  minute.  So  1  horse-power  =  33,000 
ft. -lbs.  per  minute  =  550  ft.-lbs.  per  second  =  about 
45 7 O'"'^"  per  minute  =  about  TG^^"*  per  second. 

§  65.  Energy. — The  energy  of  a  body  is  its  capacity 
of  doing  work,  and  is  measured  by  the  work  it  can  do. 
Doing  work  cojisi^ts  in  a  transfer  of  energy  from  the  body 
doing  work  to  the  body  on  which  work  is  done.  Wherever 
we  find  matter  in  motion,  whether  in  the  solid,  liquid, 
or  gaseous  state,  we  have  a  certain  amount  of  energy 
which  may  often  be  made  to  do  useful  work. 

§66.  Potential  and  Kinetic  Energy. — Places 
stone,  Aveighing  (say)  10*^,  on  the  floor  before  you  ;  it  is 
devoid  of  energy,  powerless  to  do  work.  Now  raise  it, 
and  place  it  on  a  shelf  (say)  2°*  high  ;  in  so  doing  you 
perform  20^«"  of  work  on  it.  As  you  look  at  it,  lying 
motionless  on  the  shelf,  it  appears  as  devoid  of  energy  as 
when  lying  on  the  floor.  Attach  one  end  of  a  cord  3™  long 
to  it,  and,  passing  it  over  a  pulley,  wind  2"*  of  the  string 
around  the  shaft  connected  with  a  sewing-machine,  coffee- 
mill,  lathe,  or  other  convenient  machine.  Suddenly 
withdraw  the  shelf  from  beneath  the  stone.  It  moves,  it 
sets  in  motion  the  machine,  and    you  may  sew,  grind 
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coffee,  turn  wood,  etc.,  with  the  energy  given  to  the 
macliine  by  the  stone. 

Surely  the  work  done  on  the  stone  in  raising  it  was 
not  lost  ;  the  stone  pays  it  back  while  descending.  There 
is  a  very  important  difference  between  the  stone  lying  on 
the  floor,  and  the  stone  lying  on  the  shelf :  the  former  is 
powerless  to  do  work  ;  the  latter  can  do  work.  Both  are 
alike  motionless,  and  you  can  see  no  difference,  except 
an  advantage  that  the  latter  has  over  the  former  in 
position.  What  gave  it  this  advantage  ?  Work.  A  body 
then,  may  jjossess  energy  due  merely  to  advantage  op  posi- 
tion, derived  always  from  worh  done  upon  it.  So  a  body  at 
rest  is  not  necessarily  devoid  of  energy.  In  the  stone 
lying  passively  on  the  shelf  there  exists  a  power  to  do 
work  as  real  as  that  possessed  by  the  stone  which,  falling 
freely,  has  acquired  great  speed. 

We  see,  then,  that  energy  may  exist  in  either  of  two 
widely  different  states,  and  yet  be  as  real  in  one  case  as 
in  the  other.  It  may  exist  as  actual  motion^  either  visible, 
as  in  mechanical  motion,  or  invisible,  as  in  the  molecular 
motions  called  heat ;  or  it  may  exist  in  a  stored-up  condi- 
tion, as  in  the  stone  lying  on  the  shelf.  In  the  former 
case  it  is  called  kinetic  (moving)  or  actual  energ}'-  ;  in  the 
latter,  it  is  called  potential  energy,  or  energy  of  position. 

We  are  as  much  accustomed  to  store  uj)  energy  for 
future  use  as  to  store  up  provisions  for  the  winter's  con- 
sumption. We  store  it  when  we  wind  up  the  siDring  or 
weight  of  a  clock,  to  be  doled  out  gradually  in  driving 
the  machinery.  We  store  it  when  we  bend  the  bow, 
raise  the  hammer,  condense  air,  or  raise  any  body  above 
the  earth's  surface. 

How,  then,  is  energy  stored  in  a  body  ?  Only  at  the 
expense  of  work  done  upon  it.  The  force  of  gravitation  is 
employed  to  do  useful  work,  as  when  mills  are  driven  by 
the  energy  of  falling  water  ;  but  the  water  is  first  de- 
posited on  the  hillside  by  the  energy  of  the  sun's  heat. 
Elasticity  of  springs  is  employed  as  a  motive  power  ;  but 
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elasticity  is  due  to  an  advantage  of  position  which  the 
molecules  of  springs  have  acquired  in  consequence  of  force 
applied  to  them,  so  as  to  move  tliem  away  from  the  posi- 
tions which  their  mutual  attractions  have  a  tendency  to 
make  them  occupy. 

We  conclude,  then,  that  a  body  possesses  potential  energy 
when,  in  virtue  of  icork  done  upon  it,  it  occupies  a  position 
of  advantage,  or  its  molecules  occupy  positions  of  advantage, 
so  that  the  energy  expended  can  he  at  any  time  recovered  by 
the  return  of  the  body  to  its  original  position,  or  by  the  return 
of  its  molecules  to  their  original  positions. 

§  67.  Energy  contrasted  with  Momentum, — 
Problem. — A  bullet  weighing  30^  is  shot  with  a  speed  of 
98°*  per  second  from  a  gun  weighing  4*^ ;  required  the  momen- 
tum and  the  energy  of  both  the  bullet  and  the  gim,  and 
the  speed  of  the  gun.  Solutimi :  Using  the  kilogram,  the 
metre,  and  the  second  as  units,  the  momentum  of  tlie  ball  is 
•03x98  =  2-94  units.  If  the  ball  were  shot  vertically  up- 
ward,   its   speed    would    diminish    9-8'°   per   second ;    so    it 

98 
would  rise  —  =  10  seconds,  and,  therefore,  before  its  energy  is 

9-8 
exi^ended,  to  a  height  of  (§  54)  4*9'"  x  102  =  490'«.      Hence, 
its  energy  at  the  outset  is  -03  x  490  =  14-7''^.     Similarly  for 
the  gun,  by  the  third  law  of  motion,  its  momentum  must  be 
just  the  same  as  that  of  the  ball,  2*94  units  ;  its  speed  is 

*735 
therefore  2-94-i-4=  -735™  per  second.     Then  T  =  -g7g-  =  '075 

second  ;  the  height  (supposing  the  gun  to  be  raised  vertically 

by   the    imimlse   received)  =4-9  x '075-=  •02766™  ;    and    its 

energy  =4  x  -02766  =  •1102'^^. 

While,  therefore,  the  momenta  generated  in  the  two  iKxHes 

by  the  bvu-ning  of  the  powder  are  equal,  tlie  energy  of  the 

14-7 
bullet  is  — =  133^  times  that  of  the  giui.     (Wliy  are  the 

effects  produced  by  tlie  bullet  more  disasti-ous  than  those  pro- 
duced by  the  recoil  of  the  gim  ?) 

§  68.  Formula  for  Energy. — "We  can  find,  as  in 

the  above  example,  to  what  vertical  height  a  body  having 
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a  given  speed  would  rise,  and  thus  in  all  cases  determine 
its  energy  ;   Imt  a  formula  may  be  obtained  which  will 
give  the  same  result  with  less  trouble  ;  thus : — ■ 
Let  E  =  measure  of  energy,  in  foot-pounds. 

speed,  in  feet-per-second. 

acceleration  due  to  gravity  =  32*2. 

height  to    which  body  would  rise 
in  feet. 

weight  of  body,  in  pounds. 

time  of  rising,  in  seconds. 


V  = 

» 

9   = 

5) 

S  = 

5) 

w  = 

») 

T    = 

55 

V    =9T 

r..             V 

.  T  =  — 

9 

o       V2 

T2  =  -V 

9'^ 

S  =  1^ 

T2 

-i9 

V2 

""^ 

But 


Z! 

WS 


It  is  evident  that,  ivhen  the  weight  (W)  of  a  body  remains 
the  same,  its  eneryy  is  proportional  to  the  square  of  its  speed, 
while  its  momentum,  as  we  have  learned,  is  proportional  to 
its  spteed.  In  other  words,  the  effect  of  increasing  the 
speed  of  a  moving  body  would  seem  to  be  to  increase  its 
working  power  much  more  rapidly  than  its  momentum. 
Is  this  practically  true  ? 

Experiment.  — Fill  an  ordinary  water-pail  with  moist  clay. 
Let  a  leaden  bullet  drop  upon  the  clay  from  a  height  of  -5'". 
Then  drop  the  same  bullet  from  a  height  of  2™,  or  four  times 
the  former  height,  in  order  that  it  may  accpiire  twice  the  speed. 
Carefully  measure  the  de[)th  to  which  it  penetrates  in  each 
case.  How  does  the  work  done  by  the  bullet  in  the  first  case 
compare  with  the  work  done  by  it  in  the  second  case  ? 

So  it  appears  that  the  energy  of  a  moving  body  varies, 
not  as  its  speed,  but  as  the  square  of  its  speed.  Doubling 
the  speed  multiplies  the  energy  fourfold  ;  trebling  the 
speed  multiplies  it  ninefold,  and  so  on  ;    but  the  corre- 
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spending  momentum  is  multiplied  only  twofold,  threefold, 
etc.  A  bullet  moving  with  a  speed  of  400  feet-per- 
second,  will  penetrate,  not  twice,  but  four  times,  as  far 
into  a  plank  as  one  having  a  speed  of  200  feet-per-second. 
A  railway  train,  having  a  speed  of  20  miles  an  hour,  will, 
if  the  steam  is  shut  off,  continue  to  run  four  times  as  far 
as  it  would  if  its  speed  were  10  miles  an  hour.  The 
reason  is  now  apparent  why  light  substances,  even  so  light 
as  air,  exhibit  great  energy  when  their  speed  is  great. 

§  69.  Measure  of  a  Force. — Commonly  we  measure 
forces  by  a  spring  balance,  and  say  that  the  force,  for 
instance,  with  which  a  horse  draws  a  wagon  is  50^ ;  that 
is,  a  spring  interposed  between  the  horse  and  the  wagon 
is  stretched  just  as  much  as  it  would  be  by  the  force  of 
gravity  acting  on  a  mass  of  50^  hung  from  the  spring. 
But  often  it  is  impossible  to  measure  the  force  except  by 
the  motion  it  produces.  Experience  has  shown  that  a 
useful  and  accurate  measure  of  a  force  is  the  momentum  it 
pi'oduces  or  destroys  in  a  second ;  if  the  body  is  already  in 
motion,  we  must  say  the  change  of  momentum  produced  in 
a  second. 

For  example,  gravity  we  know  will  (at  the  surface  of 
the  earth  in  the  latitude  of  London)  impart  in  three 
seconds,  to  a  body  having  a  mass  of  (say)  5^,  and  free  to 
fall,  a  velocity  of  3  x  981-2*""  per  second  ;  that  is,  the 
momentum  generated  is  measured  by  5  x  3  x  981-2. 
Then,  by  definition  above,  the  measure  of  the  force  of 
gravity  on  the  body  is  ^''^^^^^=5x981-2.  When  the 
centimeter,  gramme,  and  second  are  taken  as  the  units  of 
length,  mass,  and  time  respectively,  tlie  system  of  units 
of  measurement  based  on  them  is  called  the  C.Q.S.  system, 
and  in  it  the  unit  of  force  is  called  a  dijne. 

A  dyne  is  that  force  which,  acting  for  a  secondy  will 
give  to  a  gramme  of  matter  a  velocity  of  one  centimeter- 
per-second.  In  tlie  example  above  we  have  a  force  of 
(981-2  X  5  =  4906)  dynes. 
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The  gravity  unit  of  force  is  the  weight  of  any  unit  of 
mass,  e.g.  a  gramme,  kilogramme,  pound,  or  ton.  In.  dis- 
tinction from  gravity  units,  the  C.G.S.  units  are  called 
absolute  units.  Gravity  units  are  easily  changed  to 
absolute  units  ;  thus  in  Great  Britain  the  force  of  gravity 
acting  upon  1^  of  matter  free  to  fall  will  give  it  an  ac- 
celeration of  velocity  of  981*2™' per-second  per  second; 
hence,  in  these  latitudes,  the  gravity  unit  is  equal*  to 
981-2  absolute  units. 

Let  ]\I  =  measure  of  mass  of  body,  in  grammes. 
„    W  =  „  weight  of  body,  in  dynes. 

„    F  =  „  attraction  between  earth  and  body, 

in  dynes. 
■,-,   g    —  ,,  acceleration    due    to    gravity,    in 

absolute  units  =  98  r2. 

W  =  r  =  M(/. 

The  equation  is  a  general  one  ;  that  is,  whenever  any 
two  of  the  three  quantities  specified  are  known,  the  third 
may  be  computed. 

If  the  force  acts,  not  against  gravity,  but  against  re- 
sistances considered  as  constant,  such  as  the  forces  shown 
in  cohesion,  elasticity,  etc.,  the  equation  will  still  be  true, 
only  g  should  be  replaced  by  some  other  letter,  as  a. 

It  will  be  observed  that  we  have  difierent  ways  of 
measuring  a  force. 

1.  We  may  observe  the  mass  which  the  force  will 
support  against  the  action  of  gravity. 

2.  We  may  observe  the  change  of  momentum  pro- 
duced by  the  force  in  a  known  time.  Considered  in  this 
light  a  force  may  be  said  to  be  the  time  rate  of  change  of 
momentum. 

3.  We  may  observe  the  work  done  by  the  force  in 
producing  motion  through  a  known  space.  Considered 
in  this  light  a  force  may  be  said  to  be  the  space  rate  of 
transference  of  energy. 

The  first  of  these  methods  is  subject  to  the  objection 
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that  the  action  of  gravity  is  not  the  same  at  all  points  on 
the  earth's  surface. 

§  70.  Summary  of  mechanical  Units,  and 
Formulas  for  their  Determination.  ^ — The  following 
tables  show  the  quantities  measured,  the  unit  of  each  in 
the  C.G.S.  system,  and  the  formulas  for  the  determination 
of  tlfe  derived  quantities  : — 

FUNDAMENTAL  QUANTITIES  AND  UNITS 

Length  (L  or  S)      .  .   1"" 

Mass  (M)       .  .         .   le 

Time  (T)        .         .         .1  sec. 

DERIVED  QUANTITIES,  UNITS,  AND  FORMULAS 

Velocity  (V)  =  rate  of  motion  ;  unit,  !<='"  per  sec.  ;   iu  uniform 
g 
motion,  V  =  =.  (1) 

Acceleration  (A)  =  rate  of  change  in  velocity  ;  unit,  an  increase 

of  velocity  in  1  sec.  of  l'="»  per  sec.  ;  body  starting  from 

V 
rest  under  constant  acceleration,  A  =  -=:,  (2) 

Force  (F)  ;  unit,  1  dyne  =  a  force  that  in  1  sec.  imparts  to 
1«  a  velocity  of  1"»  per  sec.  ;  .'.  F  =  MA.  (3) 

Work  or  Energy  (E)  ;  unit,  1  erg  =  the  work  done  by  1  dyne 
producing  motion  through  1«^  ;  . '.  E  =  MAS  =  FS.      (4) 

Rate  of  doing  work,  or  Work  Power  (P)  ;  unit,  1  erg  per  sec.  ; 

P  =  *'^'.  (5) 

Momentum  ;  unit,  1^  moving  with  a  velocity  of  1""  per  sec. 
or  that  produced  by  1  dyne  in  1  sec. ;  Momentum  =  MV. 

MV 
From  (2)  and  (3)  we  have  the  very  useful  equations,   F  =  -=- 

V  =  ^.  (6)  and  (7) 

^  It  is  not  expected  that  pupils  of  the  ordinary  schools  will 
master  this  section ;  yet  they  may  frequently  find  it  convenient 
for  reference,  while  the  more  advanced  student  cannot  fail  to  be 
greatly  profited  by  its  careful  study. 
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A  body,  mass  M,  acted  upon  by  the  force  F,  starting  from  rest 

FT 
will  acquire  in  time  T  a  velocity  V  =  -^rr.       The  accelera- 

F 
.  tion,  which  from  (3)  is  =  — ,  is  a  constant  quantity,  and 

the  whole  space  passed  over  will  be  equal  to  the  time  T 
multiplied  by  the  'iiiean  velocity.     The  latter  is  one-half 

FT  FT2 

the  final  velocity  ;  hence,  mean  V  =  ^,  and  S  =  —^  (an 

equation  of  gi-eat  importance).  (8) 

To  find  an  expression  for  the  energy  of  a  moving  body  combine 
F2T2  ATV2 

(4)  and  (8):  W  =  i^  ;  but  FT  =  MV,  .'.  E  =  ^.  (9) 

Anywhere  in  Great  Britain,  the  weight  of  18=981-2  dynes  ap- 
proximately. 
lkgm  =  98,120,000  ergs;  1  foot-pound  =  13, 567, 000  ergs. 
1  horse-power  =  447,711,000,000  ergs  per  min. 

§  71.  Transformation  of  Energy. — In  the  opera- 
tion of  raising  the  stone  (§  66),  kinetic  energy  is  trans- 
formed into  potential  energy.  During  its  descent  it  is 
re-transformed  into  kinetic  energy.  If,  instead  of  being 
attached  to  machinery,  and  thereby  made  to  do  work,  the 
stone  is  allowed  to  fall  freely,  it  acquires  great  velocity. 
On  striking  the  ground,  its  motion  as  a  body  suddenly 
ceases,  but  its  molecules  have  their  quivering  motions 
accelerated.  Mechanical  motion  is,  thereby,  transformed 
into  heat.  We  shall  often  have  occasion  to  examine 
the  transformations  of  energy,  as  into  electric  energy, 
heat,  etc.,  but  never  of  momentum.  "We  shall  study 
Joule's  equivalent  (§  135),  expressing  the  relation 
between  the  unit  of  energy,  or  work,  and  the  unit  of 
heat. 


§  72.  Physics  defined. — All  physical  phenomena 
consist  either  alone  in  transferences  of  energy  from  one 
portion  of  matter  to  another,  or  in  both  transferences  and 
transformations  of  energy.     Transformations  may  be  from 
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one  condition  of  energy  to  another,  as  from  kinetic  to 
potential ;  or  from  one  phase  of  kinetic  energy  to  another, 
as  from  mechanical  motion  to  heat ;  or  both  may  occur, 
as  when  the  falling  stone  does  work,  a  part  of  its  energy 
being  expended  in  producing  mechanical  motion,  and  a 
part  being  transformed  into  heat,  occasioned  by  friction  of 
the  moving  parts. 

Physics  is  that  branch  of  natural  science  which  treats  of 
transferences  and  transformations  of  energy.  It  does  not, 
however,  in'  its  usual  limitation,  include  a  group  of 
phenomena  which  occur  outside  the  earth,  and  also  a 
group  whose  essential  characteristic  is  an  alteration  in  the 
nature  of  the  material  considered.  The  study  of  the 
former  group  is  the  object  of  Astronomy  ;  of  the  latter, 
that  of  Chemistry. 

QUESTIONS   AND    PROBLEMS 

1.  Does  the  energy  expended  in  raising  the  stones  to  their 
places  in  the  Egyptian  pyramids  still  survive  ? 

2.  What  kind  of  energy  is  that  contained  in  gunpowder  ? 

3.  What  transformation  of  energy  takes  place  in  burning 
coal  ? 

4.  When  steam  works  by  expansion,  its  temperature  is  re- 
duced.    Why  ? 

5.  How  much  work  is  done  per  hour  if  80^  are  raised  4™ 
per  minute  ? 

6.  {a)  What  energy  must  be  imparted  to  a  body  weighing 
508  that  it  may  rise  4  seconds  ?  (&)  How  many  times  as  much 
energy  must  be  imparted  to  the  same  body  that  it  may  ascend 
5  seconds  ?     (c)  Why  ? 

7.  Compare  the  momenta,  in  the  two  cases  given  in  the 
last  question,  at  the  instants  the  body  is  thrown. 

8.  How  much  energy  is  stored  in  a  body  which  weighs  50'', 
and  is  resting  at  a  height  of  80™  above  the  earth's  surface  ? 

9.  How  much  energy  would  the  same  body  have  if  it  had  a 
velocity  of  100™  per  second  ? 

10.  Suppose  it  to  fall  from  rest  in  a  vacuum,  how  much 
kinetic  energy  would  it  have  at  the  end  of  the  fourth 
second  ? 
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11.  If  it  should  fall  through  the  air,  what  would  become 
of  a  part  of  the  potential  euergy  lost  by  it  in  falling  ? 

12.  A  projectile  weighing  25''  is  thrown  vertically  upward 
with  an  initial  speed  of  29*4'^  per  second.  How  much  energy 
has  it  ? 

13.  What  becomes  of  its  kinetic  energy  during  its  ascent  ? 

14.  (a)  Compare  the  momentum  of  a  body  weighing  50'', 
and  having  a  velocity  of  2™  per  second,  with  the  momentum 
of  a  body  weighing  50«,  having  a  velocity  of  100*"  per  second. 
(&)  Compare  then*  energies. 

15.  Which,  momentum  or  energy,  will  enable  one  to  deter- 
mine the  amount  of  resistance  that  a  moving  body  may  over- 
come ? 

16.  Explain  how  a  child  who  cannot  lift  SO^  can  draw  a 
carriage  weighing  150^. 

17;  A  carriage  weighing  6000^  is  drawn  by  a  horse  with  a 
speed  of  100°^  per  minute.  The  index  of  the  dynamometer  to 
which  the  horse  is  attached  stands  at  40^^.  (a)  At  what  rate 
is  the  horse  working  ?  {b)  Express  the  rate  in  horse-powers. 
(See§  64.) 

18.  A  dynamometer  shows  that  a  span  of  horses  pull  a 
plough  with  a  constant  force  of  70''.  What  power  is  required  to 
work  the  plough  if  they  travel  at  the  rate  of  S''™  -per  hour  ? 

19.  What  horse-power  in  an  engine  will  raise  1,350,000^ 
5"*  in  an  hour  ? 

20.  How  long  will  it  take  a  3  horse-power  engine  to  raise 
10  tons  50  feet  ? 

21.  How  far  will  a  2  horse-power  engine  raise  1000''  in  10 
seconds  ? 

22.  How  much  work  can  a  5  horse-power  engine  do  in  an 
hour  ? 

23.  How  long  would  it  take  a  man  to  do  the  same  work, 
the  amount  of  work  a  man  can  do  in  a  day  being  about 
90,000^K™? 

24.  If  you  would  increase  the  energy  of  a  moving  body 
fourfold,  how  much  must  you  increase  its  speed  ? 

§  73.  The  Pendulum. — Experiment  1.— From  a 
bracket  suspend  by  very  fine  strings  leaden  balls,  as  in  Fig. 
34.  Draw  B  and  C  one  side,  and  to  difterent  heights,  so  that 
B  may  swing  through  a  short  arc,  and  let  both  drop  at  the 
same  instant.     Count  the  number  of  vibrations  of  B  in  five 
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minutes,  while  another  counts  the  number  of  vibrations  of  C. 
Repeat  the  experiment  several  times,  varying  the  lengths  of 
the  arcs   through  which  the 
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pendulums  swing.  What 
general  conclusion  is  indicated 
by  these  experiments  ? 

Experiment  2.— Make  B 
1™  long,  measm-ed  from  the 
centre  of  the  ball,  and  make  F 
\^  long.  Compare  the  num- 
ber of  vibrations  made  by  F 
in  five  minutes  with  the  num- 
ber made  by  B  in  the  same 
time.  Make  G  \  the  length 
of  B,  and  count  the  number 
of  vibrations  made  by  G  in 
five  minutes.  From  a  study 
of  these  observations  what 
conclusion  do  you  reach  re- 
garding the  relation  existing 
between  the  length  of  a  pen- 
dulum and  its  period  of  vibra- 
tion ?  From  the  number  of 
vibrations  made  by  B  in  five 
minutes  find  the  period  of 
one  vibration,  and  from  this 
and  the  law  just  discovered  calculate  the  length  of  a  pendulum 
vibrating  once  in  a  second. 

QUESTIONS    AND    PROBLEMS 

1 .  What  would  be  the  effect  if  B  Avere  made  twice  as  heavy 
as  C  ?     Why  ? 

2.  What  is  the  length  of  a  pendulum  that  beats  half- 
seconds  ?  Quarter-seconds  ?  That  makes  one  vibration  in  two 
seconds  ?     That  makes  two  vibrations  per  minute  ? 

3.  State  the  proportion  that  will  give  the  number  of 
vibrations  per  minute  made  by  a  pendulum  40""^  long. 

4.  What  transfoiinatioiu<i  of  energy  are  going  on  in  the 
pendulum  bob  as  it  swings  ?  Is  there  any  transference  of 
energy  from  the  pendulum  bob  to  anything  else  ?     To  what  ? 

5.  If  the  pendulum  were  swinging  in  a  vacuum  would  there 
be  any  transference  of  energy  ?     In  this  case  what  must  be  the 
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speed  of  the  bob  at  the  lowest  point  of  its  swing,  supposing 
this  point  to  be  one  foot  nearer  the  earth  than  the  highest 
point  of  its  swing  ? 

§  74.  Some  useful  Applications  of  the  Pen- 
dulum.— The  force  that  keeps  a  pendulum  vibrating  is 
gravity.  Were  it  not  for  friction  and  the  resistance  of 
the  air,  a  pendulum,  once  set  in  motion,  would  never 
cease  vibrating.  Since  the  force  of  gravity  keeps  the 
pendulum  in  motion,  it  follows  that  the  rate  of  vibration 
of  a  given  pendulum  must  be  determined  by  the  intensity 
of  this  force.  Hence  it  is  obvious  that,  if  the  rate  of 
vibration  is  known,  the  intensity  of  the  force  of  gravity 
may  be  calculated.  It  is  found  by  experiment,  and  is  a 
necessary  consequence  of  the  laws  of  motion,  that  the  time 
of  vibration  varies  inversely  as  the  square  root  of  the  force  of 
gravity. 

Thus  the  pendulum  becomes  a  most  serviceable  instru- 
ment for  measuring  the  intensity  of  gravity  at  various 
altitudes  and  at  different  latitudes  on  the  earth's  surface. 
(Compare  §  21.)  It  is  also  the  most  accurate  instrument 
for  measuring  time  that  has  been  invented.  Its  value,  as 
a  time-measurer,  depends  upon  the  absolute  uniformity  of 
the  rate  of  vibration  so  long  as  its  length  is  constant,  and 
the  length  of  its  arc  very  small.  But  as  heat  is  ever 
modifying  the  dimensions  of  bodies,  various  devices  have 
been  called  into  existence  by  which  heat  may  be  made  to 
correct  automatically  its  own  mischief.  Clocks  that  do 
not  have  self-regulating  pendulums  are  fast  in  winter  and' 
slow  in  summer.      (How  would  you  regulate  them  ?) 

STATICS  / 

c 
"We  shall  next  proceed  to  investigate  the  relations  that 
must  exist  among  a  number  of  forces  acting  upon  a  body 
in  order  that  the  motion  of  this  body  may  remain  un- 
changed ;  that  is,  in  order  that  these  forces  may  counter- 
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balance  one  another.  If  a  system  of  forces  counterbalance 
one  another,  the  system  is  said  to  be  in  equilibrium. 

§  75.  Composition  of  Forces. — It  is  often  desir- 
able to  know  what  single  force  will  produce  the  same 
effect  as  two  or  more  given  forces  produce  when  acting 
upon  a  body  simultaneously.  The  force  to  be  found  in 
this  case  is  called  the  resultant  of  the  given  forces,  and 
the  problem  of  finding  it  is  called  composition  of  forces. 

By  Experiment  3  (§  52)  it  is  demonstrated  that — If 
two  forces  acting  at  a  point  are  represented  in  magnitude  and 
direction  (on  the  same  scale)  by  two  straight  lines  drawn 
from  that  point,  and  the  parallelogram  he  constructed  having 
these  lines  as  adjacent  sides,  then  that  diagonal  of  this 
parallelogram  which  passes  through  to  this  point  represents 
in  magnitude  and  direction  (still  on  the  same  scale)  the 
resultant  of  the  two  given  forces. 

The  foregoing  proposition  is  known  as  the  parallelogram 
of  forces,  and  is  very  important. 

Let  two  forces  of  8  lbs.  and  4  lbs.  acting  at  A  (Fig.  35) 
be  represented  in  magnitude 
and  direction  by  AB  and  by 
AD,  then,  by  the  parallelogram 
of  forces,  AC  represents  the 
resultant  of  these  forces  in 
magnitude  and  direction. 

The  numerical  value  of  the  „.    „^ 

,  1         /.         1     1  Fig.  35. 

resultant    may    be    lound    by 

comparing  the  length  of  the  line  AC  with  the  length  of 
either  AB  or  AD,  whose  numerical  values  are  known. 
Thus,  AC  is  2-23  times  AD  ;  hence  the  numerical  value 
of  the  resultant  AC  is  4  x  2*23  =  8'92. 

When  the  components  act  at  right  angles  to  each  other, 
as  in  Fig.  35,  the  line  representing  the  resultant  divides  the 
parallelogram  into  two  equal  right-angled  triangles  ;  and 
the  intensity  of  the  resultant  may  be  found  by  calculating 
the  hypothenuse,  having  two  sides  of  either  triangle  given. 
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Thus,  ^42  +  82  =  8*9+  is  the  numerical  value  of  the 
resultant  AC.  When  the  two  components  of  a  force  F 
act  at  right  angles  to  each  other,  each  component  is  called 
the  resolved  part  of  the  force  F  in  the  direction  of  that 
component.  Since  no  force  has  any  effect  in  a  direction 
at  right  angles  to  its  line  of  action,  it  is  e-vddent  that  the 
resolved  part  of  a  given  force  in  any  direction  is  the 
effective  component  of  the  given  force  in  that  direction. 


Fig.  36. 

Copy  upon  paper  and  find  the  resultant  of  the 
components  AB  and  AC,  in  each  of  the  four  diagrams  in 
Fig.  36.  Also  assign  appropriate  numerical  values  to 
each  component,  and  find  the  corresponding  numerical 
value  of  each  resultant. 

§  76.  Finding  the  Resolved  Parts  of  Forces. — 
For  the  sake  of  brevity  we  will   call  a  force  represented 


Fig.  37. 


in  intensity  by  the  length  of  AC  and  in  direction  by  the 
direction  of  AC,  the  force  AC.     Let  DB  be  a  rectangle 
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(Fig.  37).  From  what  has  been  said  it  will  appear  that 
the  forces  AB  and  AD  are  the  resolved  parts  of  the  force 
AC  in  the  directions  of  AB  and  of  AD  respectively. 
Now,  if  AC  is  given,  and  the  angle  CAB  is  given,  AB 
and  AD  may  be  found.  However,  as  we  wish  to  deal 
only  with  very  elementary  mathematics,  we  shall  consider 
only  those  cases  in  which  the  angle  CAB  is  30°,  45°, 
or  60°. 

If  the  angle  CAB  is  30°,  the  triangle  ACB  is 
evidently  half  an  equilateral  triangle  (Euclid  I.  5  and 

32),   and    BC  =  J    AC,    and    therefore   AB  =  ^  AC 

(Euclid  I.  47).      If   the   angle    CAB   is   45°,   AB  =  BC 

(Euclid  I.  32  and  6),  and  therefore  AB  =  ^-  AC  (Euclid 

I.  47).  If  the  angle  CAB  is  60°,  the  angle  ACB  is  30°, 
and  therefore  AB  is  \  AC. 

From  the  above,  of  the  truth  of  which  the  student 
should  thoroughly  satisfy  himself,  it  will  be  seen  that  the 
resolved  part  of  a  force  F  in  a  direction  making  an  angle  of 

so"  with  its  line  of  action  is  F  x  ^  ;  if  the  angle  is  ^5° 

/2 
the  resolved  part  ^s  F  x  -^^  ;  if  the  angle  is  60°,  the  resolved 

A 

part  ts  F  X  J  ;  and  if  the  angle  is  90°,  the  resolved  part  is 
zero.  These  four  facts  should  be  carefuUy  remembered, 
as  they  will  be  found  exceedingly  useful. 


QUESTIONS 

1.  Find  the  vertical  and  horizontal  resolved  parts  of  a  force 
of  100  lbs.,  whose  line  of  action  makes  an  angle  of  60°  with 
the  vertical. 

2.  A  picture  weighs  20  lbs.,  and  the  two  parts  of  the  sus- 
pension-cord make  with  each  other  at  the  uaU  an  angle  of  60°  ; 
what  is  the  tension  of  the  cord  ? 

3.  If  a  body  is  in  contact  \^'ith  a  smooth  surface,  why  is  the 
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pressure  between  the  body  and  surface  at  right  angles  to  tlie 
surface  ? 

4.  Why  is  the  pressure  between  a  fluid  and  a  surface  in 
contact  with  it  at  right  angles  to  the  siu-face  ? 

5.  Why  can  a  sailing  yacht  make  progress  in  a  direction  at 
right  angles  to  the  direction  in  which  the  wind  is  blowing  ? 
In  what  position  must  its  sail  be  set  ? 

6.  What  is  the  force  which  raises  a  kite  ? 

§  77.  Composition  of  Forces  by  first  finding" 
Resolved  Parts. — Let  two  forces  of  14  lbs.  and  10  lbs. 


act  along  the  lines  AB  and  AC  (Fig.  38),  and  let  the 
angle  BAG  =  60°.  Find  the  resultant  of  these  tw^o 
forces. 

Draw  AH  at  right  angles  to  AB. 

For  the  force  of  10  lbs.,  substitute  its  resolved  parts 
along  AB  and  AH. 

Since  the  angle  BAG  =  60°,  and  angle  CAH  =  30°, 
these  resolved  parts  are  5  lbs.  along  AB,  and  5  ^3  lbs. 
along  AH. 

Hence  the  original  forces  have  the  same  effect  as  a 
force  of  19  lbs.  along  AB,  and  a  force  of  5  ^3  lbs.  along 
AH. 
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Now,  since  AB  and  AH  are  at  right  angles,  the 
resultant  of  these  forces  =  ^(19)2-f  (5x  ^3)2  lbs. 

Let  two  forces  of  6  lbs.  and  4  lbs.  act  along  the  lines 
AB  and  AC  (Fig.  39),  and  let  the  angle  BAG  =  75°. 
Find  the  resultant  of  these  two  forces. 


Fig.  39. 


Draw  AH,  making  the  angle  BAH  =  30°,  and  draw 
NAK  at  right  angles  to  AH. 
Now  it  is  easily  seen  that — 

The  angle  BAN  =  60°; 
„       „      CAH-45°; 
„       „      CAK  =  45°. 
For  the  force  of  6  lbs.,  acting  along  AB,  substitute  its 
resolved  parts,  3  lbs.,  along  AN  and  3  ^3  lbs.  along  AH. 
For  the  force  of  4  lbs.  along  AC,  substitute  its  resolved 
parts,  2  ^2  lbs.  along  AH,  and  2  ^2  lbs.  along  AK. 

Hence  the  original  forces  have  the  same  effect  as 
(3  ^/3  +  2  ^2)  lbs.  along  AH,  and  (3-2  ^2)  lbs.  along 
AN. 

Now,    since  AH    and  AN    are  at   right  angles,   the 
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resultant  of  these  forces  =  ^(3  ^3  +  2  ^2)2  +  (3  -  2  ^2)^ 
lbs. 

Let  three  forces  of  8  lbs.,  5  lbs,,  and  6  lbs.,  act  along 
AB,  AC,  and  AD  (Fig.  40).  Let  the  angle  BAC  = 
60°,  and  let  the  angle  CAD  =  60°.  Find  the  resultant 
of  these  three  forces. 

Draw  HAK  at  right  angles  to  AC. 

Now  it  is  easily  seen  that — 

The  angle  BAH  =  30°; 
„     DAK  =  30°. 


Fig.  40. 

For  the  force  of  8  lbs.  acting  along  AB,  substitute  its 
resolved  parts,  4  lbs.,  along  AC,  and  4^3  lbs.  along  AH. 

For  the  force  of  6  lbs.  acting  along  AD,  substitute 
its  resolved  parts,  3  lbs.,  along  AC,  and  3^3  lbs.  along 
AK.  Hence  the  original  three  forces  have  the  same 
effect  as  a  force  of  (5  +  4  +  3)  lbs.  =  12  lbs.  along  AC,  and 
(4^3-3^3)  lbs.  =  J3  lbs.  along  AH. 

Now,  since  AC  and  AH  are  at  right  angles,  the  re- 
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sultant  of  these  forces  =  ^  (12)2  +  (^3)2  lbs. 
=  >/l47  lbs. 
Ill  a  similar  manner  may  be  found  the  resultants  of 
other  systems  of  forces. 

QUESTIONS 

1.  Two  forces  each  of  50  lbs.  act  at  a  point  at  an  angle  of 
60°  ;  find  the  resultant. 

2.  Forces  of  12  and  20  lbs.  respectively  act  at  a  point  at 
an  angle  of  60° ;  find  the  resultant. 

3.  Forces  of  8  and  10  lbs.  respectively  act  upon  a  particle 
at  an  angle  of  30°  ;  find  the  resultant. 

4.  Two  forces  each  of  6  lbs.  act  at  a  point  at  an  angle  of 
45° ;  find  the  resultant. 

5.  Forces  of  10  and  12  ^^/s  lbs.  respectively  act  at  a  point 
at  an  angle  of  150°  ;  find  the  resultant. 

6.  Find  the  resultant  of  two  forces  of  8  and  10  lbs.  acting 
at  a  point  at  an  angle  of  15°. 

7.  Two  forces  of  15  and  40  lbs.  respectively  act  at  a  point 
at  an  angle  of  120°  ;  find  their  resultant. 

8.  Two  forces  acting  at  an  angle  of  135°  have  a  resultant  of 
10  ^5  lbs.  ;  one  of  the  forces  is  30  lbs.  ;  find  the  other. 

9.  Two  forces  of  10  and  12  lbs.  act  at  a  point  at  an  angle 
of  75°  ;  find  their  resultant. 

10.  Two  equal  forces  act  at  an  angle  of  120° ;  their  resultant 
is  10  lbs.  ;  find  the  forces. 

11.  If  a  force  of  60  lbs.  be  resolved  into  two  equal  forces 
acting  at  an  angle  of  30°,  what  is  the  magnitude  of  either 
component  ? 

12.  The  resultant  of  two  equal  forces  acting  at  an  angle  of 
135°  is  20  lbs.  ;  find  the  components. 

13.  The  resultant  of  tsvo  forces  in  the  ratio  of  2  :  3,  acting 
at  an  angle  of  150°,  is  24  lbs.  ;  find  the  forces. 

14.  The  resultant  of  two  forces  acting  at  an  angle  of  60°  is 
21  lbs.  ;  one  of  the  components  is  9  lbs.  ;  find  the  other. 

§  78.  Composition  of  Parallel  Forces. — If  two 

parallel  forces  act  at  the  same  point  and  in  the  same 
direction,    it    is    obvious    that    this    resultant   has    that 
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direction,  and  is  equal  to  the  sum  of  the  given  forces. 
If  two  parallel  forces  act  at  the  same  point  and  in  opposite 
directions,  it  is  equally  obvious  that  this  resultant  has 
the  direction  of  the  greater  of  the  given  forces,  and  that 
it  is  equal  to  the  difference  of  the  given  forces.  When 
parallel  forces  are  not  applied  at   the  same   point,  the 

question  arises.  What 
is  the  point  of  appli- 
cation of  their  result- 
ant ?  To  the  opposite 
extremities  (Fig.  41) 
of  a  bar  AB,  having 
very  little  weight 
^'°-^^'  (Why?),     apply    two 

sets  of  weights,  which  shall  be  to  each  other  as  3:1.  The 
resultant  is  a  single  force,  applied  at  some  point  between 
A  and  B.  To  find  this  point  it  is  only  necessary  to  find  a 
point  where  a  single  force  must  be  applied  to  prevent  motion 
resulting  from  the  parallel  forces  ;  in  other  words,  to  find 
a  point  where  a  support  may  be  applied  so  that  the  whole 
w^ill  be  balanced.  Use  a  spring-balance  to  support  the 
bar,  and  carefully  ascertain  the  point  C  about  which  the 
bar  balances.  Observe  the  force  indicated  by  the  spring- 
balance,  and  measure  AC  and  CB.  What  is  the  force 
indicated  by  the  spring-balance  ?  What  relation  does  it 
bear  to  the  weights  suspended  from  A  and  B  ?  What  is 
the  ratio  of  AC  to  CB  ?  What  connection  do  you 
observe  between  this  ratio  and  the  ratio  of  the  weight 
suspended  from  A  to  the  weight  suspended  from  B  ? 
What  is  the  direction  of  the  force  acting  upon  the  bar 
ate? 

Repeat  the  experiment  several  times,  using  different 
weights,  being  careful  always  to  use  weights  great  when 
compared  with  the  weight  of  the  bar  (§  1).  What  general 
conclusion  do  you  reach  (1)  regarding  the  magnitude  of 
the  resultant  of  two  parallel  forces  acting  at  different 
points  and    in    the  same  direction ;    (2)    regarding    the 
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direction  of  this  resultant  ;  (3)  regarding  the  poijit  of  ap- 
plication of  this  resultant  ? 

Regarding  the  force  acting  at  B  as  equal  and  opposite 
to  the  resultant  of  the  forces  acting  at  A  and  at  C,  what 
do  you  conclude  regarding  the  magnitude,  direction,  and 
point  of  application  of  the  resultant  of  two  parallel  forces 
acting  at  different  points  and 
in  contrary  directions  1 

§  79.  Couple.— If  two 

equal,  parallel,  and  opposite 

forces  are  applied  to  opposite 

extremities  of   a  stick  AB 

(Fig.  42),  no  single  force  can      ^  pj^  ^g. 

be  applied  so  as  to  keep  the 

stick  from  moving  ;  there  will  be  no  motion  of  translation, 

but  simply  a  rotation  around  its  middle  point  C.     Such 

9,  pair  of  forces,  equal,  parallel,  and  opposite,  but  not  in  the 

same  line,  is  called  a  couple. 

PROBLEMS,  ETC. 

1.  A  man  and  a  boy,  grasping  opposite  ends  of  a  pole  3™ 
long,  support  thereon  a  Aveight  of  50*^  between  them.  Where 
should  the  weight  be  placed  that  the  boy  may  support  20''  ? 

2.  If  the  weight  were  placed  40*^™  from  the  man,  how 
much  would  each  support  ? 

3.  Suppose  that  a  boat  is  headed  directly  across  a  river 
half  a  mile  wide,  and  is  rowed  with  a  velocity  that  would  land 
it  upon  the  opposite  shore  in  half  an  hour,  if  there  were  no 
current ;  but  the  current  carries  the  boat  down  the  stream  at 
the  rate  of  one  mile  an  hour.     Where  will  the  boat  land  ? 

4.  How  far  will  it  travel  ? 

5.  How  long  will  it  be  in  crossing  the  river  ? 

6.  A  ship  is  sailing  due  south-east  at  the  rate  of  ten  miles 
per  hour  ;  what  is  its  southerly  velocity  ? 

7.  Find,  both  by  construction  and  by  calculation,  the  in- 
tensity of  trvvo  equal  forces,  acting  at  right  angles  to  each 
other,  that  will  support  a  weight  of  15  lbs. 

8.  Verify  the  results  with  dynamometers. 
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§  80.  Centre  of  Gravity. — Let  Fig.  43  repre- 
sent any  body  of  matter  ;  for  instance,  a  stone.  Every 
molecule  of  the  body  is  acted  upon 
by  the  force  of  gravity ;  the  inten- 
sity of  this  force  is  measured  by  the 
iveight  of  the  molecule.  The  forces 
of  gravity  of  all  the  molecules  form 
a  set  of  i^arallel  forces  acting  ver- 
tically downward,  the  resultant  of 
which  equals  their  sum,  and  has  the 
same  direction  as  its  components. 
The  resultant  can  be  proved  to  have 
a  definite  point  of  application  in 
^^'     '  whatever  position  the  body  may  be, 

and  this  point  is  called  its  centre  of  gravity.  The  centre  of 
gravity  (e.g.)  of  a  body  is,  therefore,  the  point  of  application  of 
the  resultant  of  all  these  forces  ;  and  for  many  purposes  the 
whole  weight  of  the  body  may  he  supposed  to  he  concentrated  at 
its  centre  of  gravity.  Hence  mathematicians,  by  the  place  of 
a  body,  usually  mean  that  point  where  the  e.g.  is  situated. 
Let  G  in  the  figure  represent  this  point.  For  many 
practical  purposes,  then,  we  may  consider  that  gravity 
acts  only  upon  this  point,  and  in  the  direction  GF. 
If  the  stone  falls  freely,  this  point  cannot,  in  obedience 
to  the  first  law  of  motion,  deviate  from  a  vertical  path, 
however  much  the  body  may  rotate  during  its  fall. 
Inasmuch,  then,  as  the  e.g.  of  a  falling  body  always 
describes  a  definite  path,  a  line  GF  that  represents  this 
path,  or  the  path  in  which  a  body  supported  tends  to 
move  under  the  action  of  gravity,  is  called  the  line  of 
direction.  The  centre  of  gravity  coincides,  in  some  bodies 
absolutely,  and  in  all  bodies  approximately,  with  the  centre 
of  inertia,  the  point  at  which  the  whole  mass  of  a  body 
may  for  certain  purposes  be  supposed  to  be  concentrated. 
It  is  evident  that  if  a  force  equal  to  its  own  weight 
and  opposite  in  direction  is  applied  to  a  body  anywhere 
in  the  line  of  direction  (or  its  continuation),  this  force 


DYNAMICS  113 


will  be  the  equilibrant  of  the  forces  of  gravity ;  in  other 
words,  the  body  subjected  to  such  a  force  is  in  equilibrium, 
and  is  said  to  be  supported,  and  the  equilibrant  is  called  its 
supporting  force.  To  suppoH  any  body,  then,  it  is  only 
necessary  to  provide  a  support  for  its  centre  of  gravity.  The 
supporting  force  must  be  applied  somewhere  in  the  line 
of  direction,  otherwise  the  body  will  fall. 

Experiment. — Place  a  stick  of  wood,  two  metres  long, 
horizontally  across  the  tip  end  of  a  finger.  When  you  succewi 
in  getting  the  finger  directly  under  its  e.g.,  it  will  rest,  but 
not  till  then.  The  difficulty  of  poising  a  book,  or  any  other 
object,  on  the  end  of  a  finger,  consists  wholly  in  keeping  the 
support  imder  the  centre  of  gravity. 

Fig.  44  represents  a  toy  called  a  "  witch,"  consisting 
of  a  cylinder  of  pith  terminating  in  a  hemisphere  of 
lead..  The  toy  will  not  lie  in 
the  position  shown  in  the 
figure  on  a  horizontal  surface 
ab,  because  the  support  is  not 
applied  immediately  under  its  '  pj    ^ 

eg.  at  G  ;  but,   when  placed 

horizontally,  it  immediately  assumes  a  vertical  position. 
It  appears  to  the  observer  to  rise;  but,  regarded  in  a 
mechanical  sense,  it  really  falls,  because  its  e.g.,  where 
all  the  weight  may  be  supposed  to  be  concentrated,  takes 
a  lower  position. 

TFhether  a  body  mil  stand  or  fall  depends  upon  whether 
or  not  its  line  of  direction  falls  within  its  base.  The  base 
of  a  body  is  not  necessarily  limited  to  that  part  of  the 
under  surface  of  a  body  that  touches  its  support.  For 
example,  place  a  string  around  the  four  legs  of  a  table 
close  to  the  floor :  the  rectangular  figure  bounded  by  the 
string  is  the  base  of  the  table.  (What  is  the  base  of  a 
man  when  standing  on  one  foot  ?  on  two  feet  ?) 

§  81.  How  to  find  the  Centre  of  Gravity  of  a 
Body. — Experiment.  — Attach  a  string  to  a  potato  by  means 
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of  a  tack,  as  in  Fig.  45,  and  suspend  from  the  hand.  "When 
the  potato  comes  to  rest  there  will  be  an  equilibrium  of  forces, 
and  the  e.g.  must  be  in  the  same  line  with  the  equilibrant  of 
gravity  ;  hence,  if  a  knitting-needle 
is  thrust  vertically  through  the 
potato  from  a,  so  as  to  represent 
a  continuation  of  the  vertical  line 
oa,  the  e.g.  must  lie  somewhere  in 
the  path  an  made  by  the  needle. 
Suspend  the  potato  from  some  other 
point,  as  b,  and  a  needle  thrust 
vertically  through  the  potato  from 
6  will  also  pass  through  the  e.g. 
Since  the  e.g.  lies  in  both  the  lines 
an  and  bs,  it  must  be  at  c,  their 
point  of  intersection.  Find  by  trial 
the  centre  of  gravity  of  a  triangle. 
Cut  out  several  triangles  from  cardboard,  and  from  your  ex 
periments  deduce  a  general  conclusion. 


§  82.  Three  States  of  Equilibrium. — The  weight 
of  a  body  is  a  force  tending  downward  ;  hence,  a  body 
tends  to  assunu  a  position  such  that  its  e.g.  will  he  as  low  as 
le. 


Experiment  1. — Try  to  support  a  ring  on  the  end  of  a 
stick,  as  at  b  (Fig.  46).  If  you  can  keep  the  support  exactly 
under  the  e.g.  of  the  ring,  there  will  be  an  equilibrium  of 
forces,  and  the  ring  will  remain  at  rest.  But  if  it  is  slightly 
disturbed,  the  equilibrium  will  be  destroyed,  and  the  ring  will 
fall.  Support  it  at  a.  Have  you  any  difficulty  in  supporting 
it  in  this  position  ?  Disturb  the  ring  and  remove  the  disturb- 
ing force.     What  happens  ?     Why  ? 

A  body  is  said  to  be  in  stable  equilibrium  if  its 
position  is  such  that  a  very  slight  disturbance  would  raise 
its  e.g.,  since  in  that  event  it  would  tend  to  return  to  its 
original  position.  On  the  other  hand,  a  body  is  said  to 
be  in  unstable  equilibrium  wdien  a  very  slight  disturbance 
would  lower  its  e.g.,  since  it  would  not,  on  the  disturbing 
cause  being  removed,  return  to  its  original  position. 


Ill 
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A  body  is  said  to  be  in  neutral  or  indifferent  equili- 
brium when  it  rests  equally  well  in  any  position  in 
which  it  may  be  placed.  A  sphere  of  uniform  density, 
resting  on  a  horizontal  plane,  is  in 
neutral  equilibrium,  because  its  e.g. 
is  neither  raised  nor  lowered  by  a 
change  of  base.  Likewise,  when  the 
support  is  applied  at  the  e.g.,  as  when 
a  wheel  is  supported  by  an  axle,  the 
body  is  in  neutral  equilibrium. 

It  is  evident  that,  if  the  eg.  is 
vertically  heloiv  the  support^  as  in  the 
last  experiment  with  the  ring,  the 
equilibrium  must  he  stable  ;  but,  as  in 
Fig.  44,  a  body  may  be  in  stable 
equilibrium  though  its  e.g.  is  above  the  point  of  support. 
(When  is  this  possible  ?) 

It  is  difficult  to  balance  a  lead-pencil  on  the  end  of  a 
finger  ;  but  by  attaching  two  knives  to  it, 
as  in  Fig.  47,  it  may  be  rocked  to  and  fro 
without  falling.     Explain. 


Fig.  47. 


§  83.  Stability  of  Bodies. — The  ease 
or  difficulty  with  which  a  body  supported  at 
its  base  is  overturned  depends  upon  the 
height  to  which  its  e.g.  must  be  raised  in 
overturning  it,  and  upon  the  weight  of 
the  body.  What  is  a  measure  of  the  work 
that  is  done  in  overturning  a  body  ?  The  letter  c  (Fig. 
48)  marks  the  position  of  the  eg.  of  each  of  the  four  bodies 
A,  B,  C,  and  D.  To  turn  any  one  of  these  bodies  over, 
its  e.g.  must  pass  through  the  arc  ci,  and  be  raised  through 
the  height  ai.  By  comparing  A  with  B,  and  supposing 
them  to  be  of  equal  weight,  we  learn  that  of  two  bodies  of 
equal  height  and  weighty  the  e.g.  of  that  body  which  has  the 
larger  base  must  he  raised  higher,  and  this  body  is,  therefore, 
overturned  with  greater  difficulty.     A  comparison  of  A  and 
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C,  supposing  tliem  to  be  of  equal  weight,  shows  that  when 
two  bodies  have  equal  bases  and  weights,  the  higher  body  is 
more  easily  overturned.  D  and  C  have  equal  bases  and 
heights,  but  D  is  made  heavy  at  the  bottom,  and  this 
lowers  its  e.g.  and  gives  it  greater  stability. 
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Fig.  48. 
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QUESTIONS 

1.  Wliere  is  the  e.g.  of  a  box  ? 

2.  Why  is  a  pyramid  a  very  stable  structure  ? 

3.  What  is  the  object  of  ballast  in  a  vessel  ? 

4.  State  several  ways  of  giving  stability  to  an  inkstand. 

5.  (a)  In  what  position  would  you  place  a  cone  on  a  hori- 
zontal plane,  that  it  may  be  in  stable  equilibrium  ?  (&)  That 
it  may  be  in  neutral  equilibrium  ?  (c)  That  it  may  be  in  un- 
stable equilibrium  ? 

6.  In  loading  a  waggon,  where  should  the  heavy  luggage 
be  placed  ?     Why  ? 

7.  Why  are  bipeds  slower  in  learning  to  walk  than  quad- 
rupeds % 

8.  How  will  a  man  rising  in  a  boat  affect  its  stability  ? 

9.  Which  is  more  liable  to  be  overturned,  a  load  of  hay  or 
a  load  of  stone  of  equal  weight  ?     Why  ? 

10.  Place  a  book  upon  the  table  in  different  positions,  so 
that  it  may  have  three  different  degrees  of  stability,  and 
account  for  these  differences  by  considering  the  energy  that 
must  be  expended  in  each  case  to  overturn  the  book. 

11.  Doors  and  gates  are  often  made  self-closing  by  using 
hinges  of  peculiar  pattern,  and  without  the  use  of  any  spring. 
How  is  this  done  ?     What  physical  law  is  taken  advantage  of  ? 
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§  84.  Moments. — It  is  often  convenient  to  consider 
the.  tendency  of  a  force  to  produce  rotation  about  a  given 
point.  This  tendency  is  called  the  moment  of  the  force 
with  respect  to  that  point.  For  the  investigation  of 
moments  make  use  of  the  apparatus  described  in  §  78, 
Fig.  41.  When  the  bar  AB  is  balanced  about  the  point 
C  it  is  obvious  that,  neglecting  the  weight  of  the  bar, 
which  we  may  do  provided  the  weight  of  the  bar  is  very 
small  when  compared  with  the  weights  suspended  at  A  and 
B,  the  moment  about  the  point  C  of  the  weight  suspended 
at  A  is  equal  and  opposite  to  the  moment  about  C  of  the 
weight  suspended  at  B,  Make  several  experiments,  and 
determine  the  relation  between  the  moment  of  a  given 
force  about  a  given  point  and  the  magnitude  of  the  given 
force  ;  also  determine  the  relation  between  the  moment 
and  the  perpendicular  from  the  given  point  on  the  line 
of  action  of  the  given  force.  These  relations  are  easily 
inferred.  Test  your  inference  by  many  experiments. 
To  use  arithmetic  or  algebra  in  making  calculations  re- 
garding moments  we  must  use  the  measures  of  the 
moments.  To  obtain  the  measure  of  a  moment  we  must 
adopt  a  unit  of  moment.  The  most  convenient  unit  of 
moment  is  found  to  be  the  moment  of  the  unit  of  force 
about  a  point  the  unit  distance  from  its  line  of  action. 
For  example,  if  one  pound  is  the  unit  force  and  one  foot 
the  unit  distance,  the  unit  moment  used  is  the  moment 
of  a  force  of  one  pound  about  a  point  one  foot  from  its 
line  of  action.  In  terms  of  this  unit  what  is  the  measure 
of  the  moment  of  a  force  of  10  lbs.  about  a  point  5  feet 
from  its  line  of  action  ? 

When  two  moments  are  to  be  combined  it  must  be 
observed  whether  they  have  the  same  or  opposite  signs ; 
that  is,  whether  the  tendency  to  rotation  is  in  the  same 
direction  in  both  cases  or  not.  For  convenience  a 
tendency  to  rotation  in  the  direction  opposite  that  in 
which  the  hands  of  a  watch  move  when  looking  at  its 
face  is  considered  positive. 


118  ELEMENTS  OF  PHYSICS  chap. 

The  moment  of  a  couple  (§  79)  about  any  point  is,  of 
course,  the  resultant  moment  about  that  point  of  the  two 
forces  constituting  the  couple.  Determine  the  moment 
of  a  particular  couple  about  different  points.  What  do 
you  find  ? 

§  85.  Equilibriiim  of  Forces  acting  in  the  same 
Plane. — Let  us  investigate  the  conditions  necessary  in 
order  that  a  system  of  forces  acting  in  the  same  plane 
may  be  in  equilibrium ;  that  is  to  say,  in  order  that  this 
system  of  forces  acting  together  on  a  body  may  have  no 
tendency  'to  give  it  motion  either  of  translation  or  of 
rotation.  We  may  reach  general  conclusions  by  carefully 
considering  a  few  questions.  What  is  the  moment  of  a 
force  about  a  point  in  its  line  of  action  ?  Is  there  any 
point  outside  its  line  of  action  about  which  its  moment 
is  the  same  ?  If  the  moment  of  a  force  P  about  0  is 
equal  and  opposite  to  the  moment  of  a  force  Q  about  O, 
what  conclusion  may  you  draw  concerning  the  line  of 
action  of  the  resultant  of  P  and  Q  ? 

When,  in  a  system  of  forces,  the  moments  about  a 
point  0  of  those  forces  of  the  system  which  tend  to 
produce  rotation  about  that  point  in  one  direction,  are 
together  equal  to  the  moments  about  0,  of  those  forces  of 
the  system  which  tend  to  produce  rotation  about  that 
point  in  the  opposite  direction,  the  moments  of  the  whole 
system  are  said  to  vanish  about  the  point  0. 

If  the  moments  of  a  system  vanish  about  a  point  0, 
what  do  you  know  about  the  line  of  action  of  the  re- 
sultant of  that  system  ? 

If  the  moments  of  the  system  vanish  about  0,  and 
also  vanish  about  P,  what  do  you  know  about  the  re- 
sultant of  that  system  ?  If  the  moments  vanish  about 
each  of  three  points  0,  P,  and  Q,  what  do  you  know 
about  the  resultant?  If  0,  P,  and  Q  are  not  in  the 
same  straight  line,  what  do  you  know  about  the  re- 
sultant ?     Can  the  line  of  action  of  the  resultant  of  a 
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system  of  forces  be  other  than  a  straight  line  ?  If  a 
system  of  forces  is  in  equilibrium,  that  is,  if  the  forces  are 
such  as  to  counteract  one  another,  and,  taken  together,  pro- 
duce no  effect,  either  of  translation  or  of  rotation,  is  there 
any  point  about  which  their  moments  do  not  vanish  ? 

If  the  resolved  parts  (§  76)  of  a  system  of  forces  along 
a  line  in  one  direction  are  together  equal  to  the  resolved 
parts  of  the  same  system  along  the  same  line  in  the 
opposite  direction,  the  resolved  parts  of  that  system  are 
said  to  vanish  along  that  line. 

If  the  resolved  parts  of  a  system  of  forces  vanisli  along 
the  line  AB,  can  that  system,  as  a  whole,  produce  any 
motion  along  AB  in  either  direction?  In  the  above 
case,  what  do  you  know  about  the  resultant  of  the 
system  ? 

If  the  resolved  parts  of  the  system  vanish  along  AB, 
and  also  along  CD,  what  do  you  know  about  the  re- 
sultant ?  If  AB  and  CD  are  not  parallel,  what  do  you 
know  about  the  resultant?  Can  the  line  of  action  of 
the  resultant  be  at  right  angles  to  each  of  two  lines  which 
are  not  parallel  to  each  other  ?  If  a  system  of  forces  is 
in  equilibrium,  is  there  any  line  along  which  their 
resolved  parts  do  not  vanish  ?  If  the  resolved  parts  of  a 
system  vanish  along  each  of  two  lines  not  parallel  to  each 
other,  is  the  system  necessarily  in  equilibrium  ?  Is  a 
couple  (§  79)  in  equilibrium?  Do  the  resolved  parts  of 
a  couple  vanish  along  each  of  two  lines  not  parallel  ? 

From  a  careful  consideration  of  the  foregoing  questions 
the  pupil  will  see  the  truth  of  the  following  propositions, 
which  are  very  important : — 

EQUILIBRIUM  OF  FORCES  ACTING  IN  THE 
SAME  PLANE 

I.  If  a  system  of  forces  is  in  equilibrium  the  resolved 
parts  of  the  system  vanish  along  any  line  whatever,  ayid  the 
vwments  of  the  system  vanish  about  any  point  whatever. 
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2.  If  the  moments  of  a  system  of  forces,  all  in  the  same 
plane,  vanish  about  each  of  three  points  not  in  the  same 
straight  line,  the  system  must  he  in  equilibrium. 

3.  If  the  moments  of  a  system  of  forces,  all  in  the  same 
plane,  vanish  about  one  point,  and  their  resolved  parts  vanish 
along  each  of  two  straight  lines  not  parallel  to  each  other,  the 
system  must  be  in  equilibrium. 

If  it  is  known  that  a  system  of  forces  is  in  equilibrinm, 
the  first  proposition  may  be  made  tise  of  to  form  equations 
involving  the  intensities  and  lines  of  action  of  the  various 
forces,  from  which  equations  such  intensities  and  lines  of 
action  as  are  not  known  may  be  determined. 

If  the  forces  of  the  system  all  act  in  the  same  plane 
not  more  than  three  independent  equations  can  be  based 
upon  the  fact  that  the  system  is  in  equilibrium.     Why  % 

Example  1. — A  uniform  beam,  AB,  20  feet  long,  weighing 
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300  lbs.,  rests  with  one  end  against  a  smooth,  vertical  wallj 
CD,  and  the  other  end    on  a  smooth,  horizontal  plane,  CB, 
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this  end  being  tied  by  a  cord,  CB,  16  feet  long.     Investigate 
the  forces  acting  upon  the  beam. 

The  beam  is  evidently  acted  upon  by  four  forces,  namely : 
1st,  its  own  weight,  300  lbs.,  which,  since  the  beam  is  uni- 
form, may  be  supposed  to  act  at  K,  the  middle  point  of  AB  ; 
2d,  the  tension  of  the  string  CB,  z  lbs.,  acting  at  B  in  the 
du-ection  BC  ;  3d,  the  pressure  of  the  wall,  x  lbs.,  acting  at 
A  at  right  angles  to  the  wall,  since  the  wall  is  smooth  ;  4th, 
the  pressure  of  the  floor,  y  lbs.,  acting  at  B  at  right  angles  to 
the  floor  since  the  floor  is  smooth. 

The  beam  and  the  forces  acting  upon  it  are  represented  in 
Fig.  49. 

Since  the  beam  is  at  rest,  the  forces  acting  upon  it  are  in 
equilibrium  ;  therefore,  applying  the  first  proposition  above, 
we  have  the  following  equations  : — 

Because  the  resolved  parts  of  the  system  vanish  along  a 
horizontal  line, 

x  =  z (1). 

Because  the  resolved  parts  vanish  along  a  vertical  line, 

2/=300   .         .         .         .         .   (2). 

Because  the  moments  vanish  about  any  point  (say)  H, 

zBH  =  300OH     ....  (3). 

Now,  since  ABH  is  a  right-angled  triangle,  and  AB  is 
twenty  feet,  and  AH  =  CB  =  16  feet;  therefore,  BH  =  12 
feet  (Euclid  I.  47). 

Therefore,  substituting  in  equation  (3)  we  have 


12  2  =  300x8 
300x8 


12 
But  x=z, 
.-.  «  =  200. 


=  200. 


Example  2. — Let  AB  (Fig.  50)  be  a  smooth  inclined  plane, 
the  angle  A  being  30°.  Let  a  heavy  particle  placed  at  D  be 
kept  at  rest  by  a  string,  DB.  Investigate  the  forces  acting  on 
this  particle.  The  particle  is  evidently  acted  on  by  three 
forces,  namely :  1st,  its  own  weight,  100  lbs.,  acting  like  all 
weights  vertically  downward  ;  2d,  tlie  tension  of  the  string,  x 
lbs.,  acting  in  line  DB  ;  3d,  the  pressure  of  the  plane,  y  lbs., 
acting  at  D,  and,  since  the  plane  is  smooth,  acting  at  right 
angles  to  the  plane. 

Since  the  particle  D  is  at  rest,  the  forces  acting  on  it  are  in 
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equilibrium  ;  therefore,  applying  the  same  proposition  as  be- 
fore, we  have  the  following  equations  : — 

Because  the  resolved  parts  vanish  along  the  line  AB  and 
the  angle  ADE  =  60°, 

a:  =  100x^  =  50. 


Fig.  50. 

Because   the   resolved   parts  vanish    along   DH,    and   the 
angle  EDH  =  30°, 

y=100x  ^  =  50V3. 


Example  3. — Four  weights  of  5,  7,  9,  and  11  lbs.  are 
placed  at  the  corners  of  a  uniform  square  plate,  weighing  12 
lbs.,  whose  side  is  10  inches  ;  find  the  distance  of  the  e.g. 
from  the  centre  of  the  plate. 

Imagine  the  plate  to  be  placed  in  a  horizontal  plane,  as  in 
Fig.  51.  Now  all  the  weights  are  forces  acting  at  right  angles 
to  the  plate.  Let  0  be  the  centre  of  the  plate.  Let  G  be  the 
e.g.  of  the  plate  and  weights  taken  together.  Therefore  a 
force  of  (12  +  5  +  7  +  9  +  11)  lbs.,  or  44  lbs.,  acting  through  G 
is  the  resultant  of  the  five  weights  acting  through  A,  B,  C, 
D,  and  0.  Hence  the  moment  about  any  line  of  44  lbs.  acting 
at  G  is  equal  to  the  sum  of  the  moments  about  the  same 
line  of  the  five  weights. 

From  0  and  from  G  let  fall  perpendiculars  on  AD  and  DC, 
Let  GF  =  a;  inches,  and  let  GK  =  y  inches. 
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Equating  moments  about  AD,  we  obtain  the  equation 
44  a;  =  (12  x  5)  +  (7  x  10) +  (9  x  10), 
. '.  x  =  5. 

Equating  moments  about  DC,  we  obtain  the  equation 
44  y  =  (12  X  5)  +  (5  X  10)  +  (7  x  10), 

■  ••  y=^^- 

Since  G  is  5  inches  from  AD  and  4,^  inches  from  DC,  it 
is  evidently  fj  inch  from  the  centre  of  the  plate. 

A 


To  apply  the  foregoing  propositions  correctly,  the 
pupil  must  be  careful  to  take  note  of  all  the  forces  of  the 
system  in  equilibrium,  and  to  make  no  mistake  in  ex- 
pressing the  resolved  parts  and  moments.  Resolved 
parts  are  discussed  in  §§  75  and  76. 


QUESTIONS  AND  PROBLEMS 
1.  If  you  wish  to  base  an  equation  on  the  fact  that  the 
moments  of  a  system  of  forces  in  equilibrium  vanisli  about  any 
point  whatever,  and  wish  the  equation  not  to  involve  a 
particular  force  of  the  system,  where  should  you  choose  the 
point  ?  If  you  wish  the  equation  not  to  involve  either  of  two 
forces  of  the  system,  what  point  must  you  choose  ?  If  you 
wish  an  equation,  based  on  the  fact  that  the  resolved  parts  of 
the  system  vanish  along  any  line  whatever,  not  to  involve  a 
jmrticular  force  of  the  system,  what  line  should  you  choose  ? 
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2.  A  uniform  beam  37  feet  long,  weighing  400  lbs.,  rests 
with  one  end  against  a  smooth  wall,  and  the  other  end  on  a 
smooth  floor,  this  end  being  fastened  by  a  cord  12  feet  long  to 
a  peg  at  the  bottom  of  the  wall ;  find  the  tension  of  the  cord. 

3.  In  Example  2,  if  the  weight  of  the  beam  acted  at  a 
point  ^  of  its  length  from  the  lower  end  ;  find  the  reactions  of 
the  wall  and  floor. 

4.  A  beam  AB,  weighing  120  lbs.,  acting  at  its  middle 
point,  is  made  to  rest  against  a  smooth  vertical  wall  and  on  a 
smooth  floor,  by  a  force  applied  horizontally  to  the  foot ;  find 
the  force  if  the  inclination  of  the  beam  is  (a)  30°,  {b)  45°,  (c) 
60°. 

5.  In  Example  4,  if  a  weight  of  90  lbs.  was  suspended  on 
the  beam  at  a  point  (a)  -J-  of  its  length  from  the  foot,  (b)  f  of 
its  length  from  the  foot ;  find  the  horizontal  force,  the  inclina- 
tion of  the  beam  being  (a)  30°,  (&)  45°,  (c)  60°. 

6.  In  Example  4,  if  the  weight  of  the  beam  acted  at  a  point 
f  of  its  length  from  the  foot ;  find  the  force,  the  inclination  of 
the  beam  being  (a)  30°,  (b)  45°,  (c)  60°. 

7.  Taking  tlie  inclination  of  the  beam  as  in  Example  4, 
find  where  a  weight  of  120  lbs.  must  be  suspended  so  that  the 
horizontal  force  may  be  the  same  as  that  in  Examjjle  5,  the 
beam  being  uniform,  and  weighing  120  lbs. 

8.  A  uniform  beam,  weighing  60  lbs.,  rests  with  one  end 
against  a  -peg  in  a  smooth  horizontal  plane,  and  the  other  end 
on  a  wall.  The  point  of  contact  with  the  wall  divides  the 
beam  into  parts,  as  3  :  8  ;  find  the  pressure  on  the  peg,  and 
the  reaction  of  the  wall,  the  inclination  of  the  beam  being  (a) 
30°,  (b)  45°,  (c)  60°. 

9.  What  relation  must  the  moment  of  the  whole  weight  of 
a  body  about  any  line  bear  to  the  algebraic  sum  of  the 
moments  of  the  weights  of  its  several  parts  about  the  same 
line? 

N.B. — By  algebraic  sum  of  the  moments  of  several  forces 
about  a  point  or  line  is  understood,  the  excess  of  the  sum  of 
the  positive  moments  over  the  sum  of  the  negative  moments. 
It  is  customary  to  consider  a  moment  positive  when  the 
tendency  to  rotation  is  in  the  direction  ojiposite  that  in  which 
the  hands  of  a  watch  move  when  you  are  looking  at  its  face, 
and  negative,  of  course,  when  the  tendency  to  rotation  is  in 
the  same  direction  as  the  hand.s  of  the  watch. 

10.  How   may  you  apply   the   answer  to    Question    9  to 
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find  the  distance  of  the  centre  of  gravity  of  a  body  from  a 
given  line,  when  the  weights  of  the  several  parts  of  the  body 
are  given,  and  the  distance  of  the  centi-e  of  gravity  of  each 
part  from  that  line  is  also  given  ? 

N.B. — The  weight  of  a  body  may  be  supposed  to  act  at  its 
centre  of  gi-avity  (§  80). 

11.  How  may  you  apply  the  answer  to  Question  10  to  find 
the  position  of  the  centre  of  gravity  of  the  body  in  Question  10  ? 

12.  Three  uniform  rods  are  placed  so  as  to  fonn  a  right- 
angled  isosceles  triangle,  the  longest  being  8>/2  feet ;  find 
their  e.g. 

13.  A  heavy,  tapering  rod,  10  feet  long,  weighing  160  lbs., 
balances  about  a  point  4  feet  from  the  heavy  end,  when  a 
Aveight  of  30  lbs.  is  attached  to  the  other  end  ;  find  the  point 
about  which  it  will  balance  if  the  30  lbs.  is  removed. 

14.  Four  weights  of  5,  7,  9,  and  11  lbs.  are  placed  at  the 
corners  of  a  uniform  square  plate  weighing  12  lbs.,  whose  side 
is  10  inches  ;  find  the  distance  of  the  e.g.  from  the  centre  of 
the  plate. 

15.  Weights  of  4,  6,  8,  7,  3,  2,  13,  and  1  lbs.  are  placed 
at  the  corners  and  middle  points  of  the  sides  of  a  square  taken 
in  order  ;  find  their  e.g.,  the  side  of  the  square  being  16 
inches. 

16.  A  unifonn  square  plate  whose  side  is  10  inches,  and 
weight  12  lbs.,  has  a  weight  of  18  lbs.  attached  to  one  corner  ; 
where  must  it  be  suspended  by  a  cord  so  as  to  rest  horizontally  ? 

17.  A  square  table,  weighing  40  lbs.,  rests  on  four  legs, 
one  at  each  corner.  Can  you  determine  the  pressure  on  each 
leg  ?     If  so,  how  ? 

18.  From  a  circular  plate  whose  radius  is  8  inches,  a 
circular  plate  whose  radius  is  4  inches  is  cut  away,  the  distance 
between  the  two  centres  is  2  inches  ;  find  the  centre  of  gravity 
of  the  remainder. 

19.  From  a  uniform  circular  disc,  whose  diameter  is  10 
inches,  another  disc,  having  for  its  diameter  the  radius  of  the 
first  circle,  is  cut  away  ;  find  centre  of  gravity  of  the  remainder. 

20.  From  a  circular  disc  whose  diameter  is  D,  a  circular 
disc  whose  diameter  is  d  is  cut  away  ;  find  the  centre  of  gi-avity 
of  the  remainder,  the  distance  between  their  centres  being  a. 

§  86.  Uses  of  Machines. — Experiment  1.— Obtain 
from  an  ironmonger  two  or  tliree  pulleys,  and  arrange  ap- 
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paratus  as  in  Fig.  52.  If  the  power  applied  to  maintain  rest 
in  each  instance  is  slightly  increased,  the  -weights  will  rise. 
Raise  each  of  the  weights  and  measure  the  distances  traversed 
respectively  by  W  and  P  in  each.  Through  what  distance 
must  P  move  that  W  may  be  raised  one  foot  ?  What  amount 
of  work  is  done  in  raising  8  lbs.  one  foot  ?  How  does  this 
work  compare  with  the  work  done  at  P  ?     Is  any  Avork  saved 
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Fig.  52. 


by  raising  the  weight  by  means  of  the  pulley  instead  of  lifting 
it  directly  ?  Is  a  force  of  less  intensity  required  when  the 
pulley  is  used  ?  Since  the  string  is  light,  and  passes  round 
freely  revolving  pulleys,  its  tension  may  be  supposed  to  be  the 
same  throughout  its  length.  "What  is  its  tension  ?  Since  the 
8  lbs.  is  supported  by  two  parallel  portions  of  the  string,  what 
must  the  tension  be  1  AVhat  does  the  dynamometer  P  show 
the  tension  to  be  ?  ^ 

^  A  small  allowance  must  be  made  for  the  weight  of  the  movable 
pulleys. 
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Experiment  2. — Let  P  and  W  of  A  exchange  places. 
What  does  the  index  of  the  dynamometer  now  read  ?  Allow 
motion  to  take  place,  and  note  carefully  the  height  W  is  raised 
while  P  descends  one  foot.  In  this  case  how  does  the  work 
done  at  W  compare  with  that  done  at  P  ?  What  is  the  tension 
of  the  string  ?  Is  there  any  advantage  gained  in  this  case  by 
the  use  of  apparatus  ? 

This  apparatus  is  one  of  many  contrivances  called  machines, 
throiigh  the  mediatioQi  of  ivhich  power  may  be  applied  to  resist- 
ance more  advantageously  than  when  it  is  applied  directly  to  the 
resistance.  Some  of  the  many  advantages  derived  from  the  use 
of  machines  are  : — 

(1)  They  may  enable  us  to  overcome  a  resistance  of  great 
intensity  with  a  power  of  little  intensity  by 
causing  the  power  to  move  through  a  propor- 
tionately greater  distance  than  that  through 
which  the  resistance  is  moved;  or,  conversely, 
they  may  enable  us  to  secure  great  velocity  by 
employing  a  power  of  pi'oportionately  greater 
intensity  than  the  resistance. 

(2)  They  may  enable  us  to  employ  a  force 
in  a  direction  thai,  is  mxyre  convenient  than  the 
direction  in  which  the  resistance  is  to  be  moved. 

(3)  They  may  enable  u^  to  employ  other 
forces  than  our  own  in  doing  work ;  e.g.  the 
strength  of  animals,  the  forces  of  wind,  water, 
steam,  etc.  (How  are  the  last  two  uses  illus- 
trated in  Fig.  53  ?) 

The  ratio  of  the  weight  to  the  power  in 
any  system  of  pulleys  may  be 


Fig.  53. 


easily  calculated  by  making  use 
of  the  fact  that  the  tension  of 
the  same  string  is  the  same 
throughout  its  length  so  long 
as  it  passes  round  nothing  ex- 
cept a  freely  revolving  pulley. 


The  weight  is,  of  course,  the  resultant  of  the  tensions  sujjjwrt- 
ing  it,  and  tlie  power  is  the  tension  or  the  resultant  of  the 
tensions  by  which  it  is  supported.  What  is  the  ratio  of  the 
weight  to  the  power  in  Fig.  53  ? 


§  87.  Law  of  Machines. — Let   P   be   the  power 
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applied  to  a  machine,  jp  the  distance  through  which  it 
moves  in  its  own  direction  in  a  given  time,  W  the  weight 
moved  or  external  resistance  overcome,  and  w  the  distance 
through  which  it  is  moved  in  its  own  direction  in  the 
same  time  ;  then  the  mechanical  work  applied  to  the 
machine  is  P^  {e.g.  in  kilogrammeters  or  foot-pounds),  and 
the  mechanical  work  done  by  the  machine  is  Ww.  Now 
we   have  learned  from  the   foregoing  experiments  that 

(1)  P^  =  W'm;. 
It  may  be  shown  that  for  all  machines,  without  exception, 
the  following  general  law  holds  true  :   The  work  applied  to 
a  machitie  is  equal  to  the  work  done  by  the  machine. 

No  machine,  therefore,  creates  or  increases  energy.  No 
machine  gives  back  more  energy  than  is  spent  upon  it. 
P  can  be  made  as  small  as  we  please  by  taking  p  great 
enough  :  in  this  case  we  see  that  in  proportion  as  intensity 
of  force  is  gained,  time,  distance,  or  velocity  is  lost.  On  the 
other  hand,  W  remaining  the  same,  w  (the  distance  tra- 
versed by  W  in  a  given  time,  i.e.  its  velocity)  may  be  in- 
creased indefinitely  by  taking  P  large  enough  :  in  this  case, 
as  velocity,  time,  or  space  is  gained,  intensity  of  force  is  lost. 
A  machine,  then,  is  much  like  a  bank  :  it  pays  out  no 
more  than  it  receives.  A  bank  will  give  you  in  exchange 
for  a  fifty  pound  note  fifty  sovereigns  ;  or,  for  fifty  sove- 
reigns, deposited  successively,  it  will  return  to  you  a  fifty- 
pound  note.  In  a  similar  manner,  if  you  apply  to  a  machine 
energy  sufiicient  to  move  50  lbs.  Ift,  you  may  get  from  it 
the  ability  to  move  1  lb.  50  ft. ;  or,  if  you  apply  to  a 
machine  a  force  of  1  lb.  successively  through  50  ft.  of 
space,  you  may  get  from  it  the  ability  to  move  50  lbs 
through  1  ft.  of  space. 

In  our  discussion  hitherto  we  have  ignored  the  in- 
ternal resistances,  chiefly  due  to  friction,  which  exist  in 
every  machine.  The  whole  work  done  by  a  machine  is 
practically  divided  into  two  parts, — the  useful  part  and 
the  ivasted  part ;  the  former,  expressed  as  a  fraction  of 
the  whole,  is  usually  called  the  efficiency  or  modulus  of 
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the  macliine.  But  energy  is  indestructible.  That  portion 
of  the  visible  energy  that  is  apparently  destroyed  by 
friction  is  transformed  into  heat,  which  is  wasted,  so  far 
as  the  work  to  be  done  by  the  machine  is  concerned. 
Let  I  represent  internal  work  performed  w  the  machine, 
i.e.  the  wasted  worJc^  and  Ww  the  external  work  ;  then 
our  general  formula  for  machines,  as  modified  in  its 
practical  applications,  becomes 

(2)  Vp  =  Ww  +  l; 
that  is,  the  work  applied  to  a  machine  is  equal  to  the  effective 
work,  plus  the  internal  work  done  by  the  machine.     So,  that 
so  far  from  any  machine  being  a  source  of  energy,  as  is 
sometimes  erroneously  supposed,  no  machine  practically 
returns  as  much  useful  energy  as  is  applied  to  it. 
By  division.  Formula  (1)  P^  =  Ww  becomes 
W     p 

i.e.  weight  :  power  :  :  the  distance  through  lohich  the  power 
moves  :  the  distance  through  which  the  weight  is  moved  in  the 
same  time.  Problems  pertaining  to  machines  may  gener- 
ally be  solved  by  Formula  (3),  and  afterwards  suitable 
allowances  may  be  made  for  the  internal  work  done. 
Thus,  suppose  that  P  (Fig.  54)  is  10  lbs.,  and  it  is  re- 
quired to  find  what  weight  (W)  it  will  raise.  Find  by 
experiment  or  by  geometry  how  far  P  moves  (say  x  feet) 
in  its  direction,  while  W  moves  1  foot  in  its  direction. 
Thus  Px  =  W, 

w 
P  =  -. 

X 

If  the  lever  is  at  rest  under  the  influence  of  the  forces 
acting  upon  it,  we  may  apply  the  propositions  regarding 
forces  in  equilibrium  (§  85).     Thus  the  moments  of  these 
forces  about  any  point  (say  6)  must  vanish. 
.-.  Tab  =  Web, 

•••P  =  <- 

CU) 
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The  many  attemj^ts  tliat  have  been  made  to  obtain 
'•'  i)erpetual  motion  "  have  assisted  greatly  in  the  discovery 
of  that  most  important  physical  law  that,  hy  no  contriv- 
ance whatever  is  it  jwssible  to  create  or  to  annihilate  energy. 

It  is  to  be  observed  that,  as  we  saw  (§  63),  work  is  not 


P' 


fe! 


s 


Q 


Q 


Fig.  54. 


always,  or  even  usually,  expended  in  raising  a  weight, 
but  in  overcoming  resistance  of  any  kind  ;  so  we  may 
interpret  Formula  (3)  thus  :  resistance  :  power  :  :  the  dis- 
tance through  lohich  the  ])ower  moves  :  the  distance  through 
which  the  resistance  is  overcome. 


QUESTIONS    AND    PROBLEMS 

1.   If  the  power  applied  to  any  machine  is  2'^,  and  it  moves 
with  a  velocity  of  10'"  per  second,  with  wliat  velocity  can  it 
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move  a  resistance  of  10*^?     To  Iioav  gi'eat  a  resistance  could  it 
give  a  velocity  of  50"'  per  second  ? 

2.  A  i)ower  of  50^,  moving  through  a  space  of  100'",  is 
capable  of  raising  how  many  kilogi-ammes  through  a  space  of 
2'"  ?  What  advantage  would  be  gained  by  the  use  of  the 
machine  ? 

3.  Watch  the  movements  of  the  foot  in  working  the  treadle 
of  a  sewing-machine,  also  the  movements  of  the  needle  in 
sewing,  and  determine  what  mechanical  advantage  is  gained 
by  the  machine. 

4.  Arrange  three  levers,  as  in  Fig.  54  ;  and,  calling  the 
distance  (ab)  of  the  power  from  the  prop  the  pmoer-arm  of  the 
lever,  and  the  distance  (be)  of  the  weight  from  the  prop  the 
ivcight-arm,  verify  by  experiment  the  following  special  formula 
for  levers : — 

W  _  j9  _  power-arm 
1'  ~ io~  weight-arm  * 

N.B. — The  weight  of  the  lever  itself  should  be  small  com- 
jiared  with  P  and  W.  A¥hy  ?  See  (§  1)  advice  regarding 
making  experiments. 

5.  Ascertain  the  advantage  that  may  be  gained  by  each 
lever. 

6.  A  lever  is  75'^"'  long  ;  where  must  the  prop  be  placed  in 


Fig.  56. 

order  that  a  power  of  2^  at  one  end  may  move  4*  at  the  other 
end  ?     What  will  be  the  pressure  on  the  prop  ? 
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7.  Show  that  the  results  obtained  in  the  last  problem  are 
consistent  with  what  you  have  learned  about  i^arallel  forces 
(§  78). 

8.  What  advantage  is  gained  by  a  lever,  when  its  power- 
arm  is  longer  than  its  weight-arm  ?     What,  w^hen  its   weight- 
arm  is  longer  ? 

9.  Two  weights,  of 
5^  and  20^^,  are  sus- 
pended from  the  ends 
of  a  lever  70°™  long. 
Where  must  the  jn-op 
be  placed  that  they 
may  balance  ? 

10.  What  mechani- 
cal advantage  is  gained 
by  a  lemon-squeezer  ? 

11.  If  P  (Fig.  55), 
weighing  1  lb.,  is  sus- 
pended 15  spaces  from  the  fulcrum  of  the  steelyard,  what 
weight  (W)  suspended  three  similar  spaces  the  other  side  of  the 
fulcrum  will  balance  it,  provided  that  the  empty  beam  balances 
about  the  fulcrum  ? 

12.  How  would  you  weigh  out  6  lbs.  of  tea  Avitli  the  same 
steelyard  ? 

13.  I  f  the  circum  f er  - 
ence  of  the  axle  (Fig. 
56)  is  60'^'",  and  the 
power  applied  to  the 
crank  travels  240*^™ 
during  each  revolution, 
what  power  will  be 
necessary  to  raise  the 
bucket  of  coal  weighing 
(say)  40^^  ? 

14.  How  many  metres 
must  the  power  travel 
(Fig.  56)  to  raise  the 
bucket  from  a  cavity 
10°^  deep  ? 

15.   (a)  In  the  train 
of  wheels  (Fig.  57),  if  the 
inches,  and  that  of  the  pinion  6  is  4  inches,  a  power  of  1  lb.  at  P 


circumference  of  the  wheel  a  is  36 


in 
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will  exert  what  force  on  the  circumference  of  the  wheel  d  ? 

(6)  If  the  circumference  of  the  wheel  d  be  30  inches,  and  that  of 

the  pinion  c  6  inches,  the  power  of  1  lb.  at  P  will  exert  what  force 

on  the  circumference 

of  the  wheel  /?     (c) 

If  the  circumference 

of  the  wheel  /  be  40 

inches,  and  that  of  the 

axle  e  8  inches,  how 

many  pounds  in  W 

will  be  necessary  to 

prevent  motion  of  the 

train  of  wheels,  when 

P  weighs  1  lb.  1     {d) 

If  W  has  a  velocity  of 

5  feet  per  second,  what  will  be  P's  velocity  ? 

16.  Prepare  a  special  formula  for  the  solution  of  problems 
pertaining  to  the  wheel  and  axle. 

17.  The  weight  W  (Fig.  58),  in  traversing  the  inclined 
plane  AB,  rises  only  through  the  vertical  height  CB,  while  P 
must  move  through  a  distance  equal  to  AB.     Let  L  represent 


Fig.  58. 


Fig.  60. 


Fig.  59. 


the  length  of  an  inclined  plane,  and  H  its  height,  and  prepare 
a  special  formula  for  the  solution  of  problems  pertaining  to  the 
inclined  plane. 

18.  A  skid  12  feet  long  rests  one  end  on  a  cart  3  feet  high, 
and  the  other  end  on  the  ground.     What  force  must  a  boy 
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exert  while  rolling  a  barrel  of  flour  weighing  200  lbs.  over  the 
skid  into  the  cart  ? 

19.  Dui'ing  one  revolution  a  screw  advances  a  distance  equal 

to    the    distance    be- 


Fig.  61. 
[The  circumference  of  a  circle 


tween  two  turns  of 
the  thread,  measured 
in  the  dii-ection  of 
the  axis  of  the  screw. 
Suppose  the  screw  in 
the  letter-press  (Fig. 
59)  to  advance  ^  inch 
each  revolution 
and  a  power  of  25 
lbs.  to  be  applied  to 
the  circumference  of 
the  wheel  h,  whose 
diameter  is  1 4  inches, 
what  pressure  Avould 
be  exerted  on  articles 
placed  beneath  the 
is  3  "141 6    times  its 


screw  ?     r 
diameter.  J 

20.  The  toggle-joint  (Fig.  60)  is  a  machine  emjjloyed  where 
great  pressure    has    to    be  exerted 

through  a  small  space,  as  in  punch- 
ing and  shearing  iron,  and  in  print- 
ing-presses, in  pressing  the  types 
forcibly  against  the  paper.  An 
illustration  may  be  found  in  the 
joints  used  to  raise  carriage -tops. 
Force  applied  to  the  joint  c  will 
cause  the  two  links  ac  and  he  to  be 
straightened,  or  carried  forward  to 
d,  while  the  guides  move  through 
a  distance  equal  to  {ac  +  be)  -  ab. 
If  dc=W"',  a&  =  98"n,  and  ae  +  bc 
=  100"=™,  then  a  force  of  808  ap- 
plied at  c  would  exert  what  average 
pressure  on  obstacles  in  the  i)ath  of 
the  guides  ? 

21.  How  would  you   calculate   the  mechanical  advantage 
gained  by  a  machine  like  that  of  Fig.  61  ?     (On  the  axle  A  is 


Fig.  62. 
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an  endless  screw,  by  means  of  which  motion  is  communicated 
'from  the  axle  to  the  wheel  "VV.) 

22.  (a)  What  kind  of  machine  is  a  claw-hammer  (Fig.  62)  ? 
(b)  What  mechanical  advantage  is  gained  by  it  ? 

23.  In  its  technical  meaning,  a  "perpetual  motion  machine  " 


is  not  amachine  that  will  run 
■W  indefinitely,  but  a  machine 
which  can  do  woi'k  without 
having  work  done  upon  it. 
Is  such  a  machine  possible  ? 

24.  A  plank  12  feet  long 
and  weighing  24  lbs.  is 
supported  by  two  jirops, 
one  3  feet  from  one  end, 
and  the  other  1  foot  from 
the  other  end.  What  is 
the  pressure  on  each  prop  ? 

25.  With  a  single  mov- 
able pulley  what  force  will 
support  a  weight  of  100 
lbs.? 

26.  The  gradient  of  a 
certain  smooth  road  on  a 
hillside  is  1  foot  in  10 
feet.  What  force  must  a 
horse  exert  on  a  carriage 
which  weighs  together  witli 
its  load  one  ton,  to  prevent 
its  descent  ? 

27.   What  must  be  the  diameter  of  a  wheel  in  order  that 
a  force  of  20  lbs.   applied  at   its  circumference   may  be  in 


Fig.  62a. 
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equilibrium  with  a  resistance  of  600  lbs.  applied  to  tlie  cir- 
cumference of  its  axle,  which  is  3  inches  in  diameter  ? 

28.  Assuming  the  tension  of  the  same  string  to  be  the  same 
throughout  its  length  and  neglecting  the  weights  of  the  pulleys, 
find  the  ratio  of  W  to  P  in  each  of  the  combinations  repre- 
sented in  Fig.  62a. 


HYDKOSTATICS 

§  88.  Pressure  in  Fluids. — We  have  already  learned 
(§  16)  that  liquids  and  gases  alike  possess  no  rigidity  of 
form.  In  consequence  of  this  many  laws  apply  to  both. 
We  shall,  therefore,  treat  them  together,  in  so  far  as  they 
are  alike,  under  the  common  name  oi  fluid. 

It  should  be  borne  in  mind  that  we  are  placed  on  the 
borders  of  two  oceans.  A  watery  ocean  borders  our  land  ; 
an  aerial  ocean,  which  is  called  the  atmosphere,  surrounds 
us.  Every  molecule,  in  both  the  gaseous  and  liquid 
oceans,  is  impelled  toward  the  earth's  centre  by  gravity. 
This  gives  to  both  fluids  a  downward  pressure  upon 
everything  upon  which  they  rest. 

The  gravitating  power  of  liquids  is  everywhere  ap- 
parent, as  in  the  fall  of  drops  of  rain,  the  descent  of  moun- 
tain streams,  the  power  of  falling  water  to  propel  machinery, 
and  the  weight  of  water  in  a  bucket.  But  to  prove  the 
downward  pressure  of  air  requires  special  experiments. 
If  we  lower  a  pail  into  a  well,  it  fills  with  water,  but  we 
do  not  perceive  that  it  becomes  heavier  thereby  ;  the 
downward  pressure  is  not  felt.  But  when  we  raise  a 
pailful  out  of  the  water,  it  suddenly  becomes  heavy.  If 
we  could  raise  a  pailful  of  air  out  of  the  ocean  of  air, 
might  not  the  weight  of  the  air  become  perceptible  ?  If 
we  dive  to  the  bottom  of  a  pond  of  water,  we  do  not  feel 
the  weight  of  the  pond  resting  upon  us.  We  do  not  feel 
the  weight  of  the  atmospheric  ocean  resting  upon  us  ; 
but  we  should  remember  that  our  situation  with  reference 
to  the  air  is  like  that  of  a  diver  with  reference  to  water. 
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Fig.  63. 
Why  is   the   india^ 


Experiment  1. — Fill  two  glass  jars  (Fig.  63)  with  water, 

A  having  a  glass  bottom,  B  a  bottom  provided  by  tying  a 

piece  of  sheet-rubber  tightly  over  the  rim.     Invert  both  in  a 

larger  vessel  of  water,  C.     What 

force  sustains   the   water   in   A  ? 

What   can  be  the  soui-ce  of  this 

force  ?     Has  the  air  anything  to 

do  with  it  ?     To  satisfy  yourself 

on  this  point,  repeat  the  experi- 
ment,  using   mercury  instead   of 

water  ;  place  the  whole  apparatus 

under  the  receiver  of  an  air-pump, 

and  exhaust  the  air.     What  is  the 

result,  and  how  does  it  answer  the 

question  ?      The  only   reason   for 

using  mercury  instead  of  water  is 

that,   on   account  of  the  greater 

density  of  the  former,  a  visible 

result  is  obtained  with   less  difficulty. 

rubber  bottom  of  B  forced  inward  ? 

Take  a  glass  tube,  D,  l"*  long,  having  a  bore  of  l'^"'  diameter. 

Covering  one  end  with  a  finger,  fill  with  water,  and  invert  in 

C.     What  do  you  feel  ?     Why  ?     Remove  the  finger.     What 

is  the  result  ?     Why  ? 

From  the  experiment  with  the  mercury  we  learn  that  the 

downward  pressure  of  the  air  on  the  surface  of  a  lii^uid  causes 
an  upward  pressure  in  the  liquid.  Does  this 
downward  pressure  create  an  upward  pressure 
in  the  air  itself,  so  that,  if  the  vessels  are 
lifted  out  of  the  water,  the  water  will  not  fall 
out? 

Experiment  2.— Keeping  the  finger  pressed 
on  the  end  of  D,  raise  it  slowly  and  vertically 
out  of  the  water.  Slip  a  thin  glass  plate,  or  a 
piece  of  thick  pasteboard,  under  the  mouth  of 
A,  and,  pressing  it  against  the  mouth,  raise 
the  vessel  carefully  out  of  the  water,  and 
remove  the  hand  from  the  plate.  What  answer 
do  these  experiments  give  to  the  question  ? 

Experiment  3.— Force  a  tin  pail  (Fig.  64),  having  a  hole 
in  its  bottom,  as  far  as  possible  into  water,  witliout  allowing 
water  to  enter  at  the  top.     What  is  the  result  ?     Why  ?     Why 


Fig.  64. 
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does  it  require  so  much  effort  to  force  tlie  pail  down  into  the 
water  ? 

Does  downward  pressure  cause  a  lateral  pressure  ? 

Experiment  4.— Make  holes,  at  different  depths,  in  the 


Fig.  65. 


side  of  a  vessel  (Fig.  65)  containing  water.     What  does  the 

experiment  tell  you  ? 

Experiment  5. — Bind  a  piece  of  thin  sheet-rubber  tightly- 
over  a  wide-mouthed  bottle,  and  place  it  at  con- 
siderable depth  in  water  in  different  positions. 
Repeat  the  experiment  at  different  depths. 
What  is  tlie  result  no  matter  in  what  position 
the  bottle  is  placed  ?  What  facts  do  these  experi- 
ments demonstrate  ? 

Experiment  6. — The  Madgeburg  hemispheres 
(Fig.  66)  are  two  hemispherical  cups,  having  their 
edges  made  smooth  so  as  to  be  ''air-tight"  when 
placed  in  contact.  Each  cup  is  provided  with  a 
handle.  One  of  the  handles  consists  of  two  parts, 
a  stem  and  a  ring,  the  two  parts  being  connected 
by  a  screw.  The  stem  has  a  bore  passing  through 
it,  and  a  stop-cock,  which  regulates  the  jiassage  of 
air  through  the  bore.  Place  the  lips  of  the  cups 
in  contact,  first  rubbing  them  slightly  with  tallow 
to  ensure  a  perfect  fit,  remove  the  ring,  screw  the 

stem  to  the  jjlate  of  an  air-pump,  and  exhaust  the  air  from 

the  sphere  ;  then  close  the  stop-cock,   and  replace  the  ring. 

Let  two  boys  grasp  the  rings,  and,  holding  the  sphere  in  any 
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position  they  choose,  attempt  to  pull  it  apart.  Are  the 
hemispheres  more  easily  separated  when  pulled  in  one  direction 
than  when  pulled  in  any  other  ? 

Boys  amuse  themselves  by  lifting  bricks  (Fig.  67)  with  a 
circular  piece  of  leather,  moistened  and  pressed 
against  the  surface  of  the  brick,  so  as  to  exclude 
the  air. 

Experiment  7.  — Take  a  glass  tube  bent  in  the 
form  represented  by  a,  Fig.  68  ;  place  mercury  in 
the  lower  part  of  the  tube,  so  as  to  fill  the  short 
arm,  and  gi'adually  lower  the  tube  into  a  deep 
vessel  of  water.  Sink  the  tube  to  different  depths, 
and  carefully  watch  the  column  of  mercmy.  Prepare  a  two- 
column  table.  In  one  column  set  down  the  depths  of  the 
mercury  surface   in   contact  with   the  water.     In  the  other 


Fig.  67. 


column  set  down  the  differences  between  the  heights  of  the  two 
surfaces  of  the  mercury.  From  a  study 
of  this  table  what  general  conclusion  do 
you  reach  ?  Compare  the  phenomenon 
when  the  wide-mouthed  bottle  of  Experi- 
ment 5  was  sunk  to  different  depths. 

Experiment  8.  —  Introduce  another 
tube,  containing  mercury,  of  the  form 
represented  by  h,  Fig.  68  ;  lower  both 
tubes  so  that  the  orifices  in  the  water 
shall  be  at  the  same  level.  Observe  the 
column  of  mercury  in  each  tube.  What 
does  the  experiment  prove  ?  How  does 
your  conclusion  agree  with 
that  indicated  by  the  phenomenon  in  Experiment 
5,  when  the  bottle,  while  kept  at  the  same  depth, 
was  placed  with  its  india-rubber  covered  mouth 
facing  in  different  directions  ? 

Exijeriment  0. — Cover  one  end  of  a  lamp- 
chimney  (Fig.  69)  with  a  circular  piece  of  leather, 
and  suspend  from  the  hand  by  means  of  a  string 
attached  to  the  centre  of  the  leather  and  passing 
through  the  chimney.  Hold  the  leather  firmly 
against  the  bottom  of  the  chimney,  and  lower 
the  covered  end  a  little  way  into  a  vessel  of 
water.  You  may  now  drop  the  string,  and  the  upward 
pressure  of  the  water  will  keep  the  leather  in  place.     Pour 


Fig.  69. 
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Avater  slowly  into  the  chimney  until  the  leather  falls.  What 
height  does  the  Avater  reach  in  the  lamp-chimney  before  the 
leather  falls  ?  Why  does  it  then  fall  ?  Why  does  not  a 
pailful  of  water  in  a  well  seem  heavy  ? 

The  results  of  experiments  thus  far  show  that,  at  every 
point  in  a  body  of  fluid,  gravity  causes  pressure  to  he  exerted 
equally  in  all  directions^  and  that  in  liquids  the  pressure  in- 
creases as  the  depth  increases,  the  increase  of  pressure  varying 
directly  as  the  increase  of  depth.  It  should  also  be  ob- 
served that,  on  account  of  its  mobility,  the  direction  of  the 
p)ressure  of  a  fluid  against  a  surface  in  contact  with  it  is  at 
right  angles  to  the  surface. 

Experiment  10. — Place  apparatus  like  Fig.  68  under  the 
receiver  of  an  air-pump  and  exhaust  the  air.  Does  the  re- 
moval of  the  air  cause  any  change  in  the  position  of  the 
mercury  in  the  tubes  ?  If  it  does  not,  how  is  the  fact  to  be 
explained  ?  By  removing  the  air  we  evidently  remove  2)ressure 
from  the  surface  of  the  mercmy  in  the  long  branch  of  the 
tube  ;  but,  if  the  mercury  does  not  move,  we  must  reduce  by 
Just  the  same  amount  the  pressure  of  the  water  on  the  surface 
of  the  mercury  in  the  other  branch  of  the  tube. 

From  this  and  other  similar  experiments  we  are  led  to 
the  following  very  important  conclusion  :  If  any  pressure 
is  communicated  to  the  surface  of  a  fluid,  this  pressure  is 
transmitted  equally  to  all  points  in  the  fluid.  This  prin- 
ciple or  law  may  be  more  clearly  stated  thus  :  If  the 
pressure  ^  at  any  point  in  a  fluid  is  increased  {or  diminished) 
by  p  pounds  per  square  inch,  the  p>ressure  at  all  points  in 
that  fluid  is  increased  (or  diminished)  hy  ^  pounds  per 
square  inch. 

The  foregoing  law  of  fluid  pressure  may  be  seen  to  be 
a  necessary  consequence  of  the  mobility  and  perfect 
elasticity  of  fluids.  This  may  be  illustrated,  somewhat 
imperfectly,  as  folloAvs  : — 

Fig.  70  represents  a  number  of  elastic  hoops  enclosed 

^  By  the  pressure  at  a  given  point  in  a  fluid  is  meant  the 
average  pressure  on  an  infinitely  small  area  containing  that  point. 
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in  the  vessel  ABCD.  A  weight,  placed  on  a,  communi- 
cates to  it  a  downward  pressure.  It  is  evident  that  not 
only  is  the  pressure  communicated  to  the 
hoops  below  it  in  succession,  and  finally  to 
the  bottom  of  the  box,  but  there  is  also  a 
lateral  pressure  due  to  the  elastic  property 
of  the  hoops.  The  hoop  c,  receiving  pressure 
from  6,  above,  reacts,  exerting  an  upward 
pressure  ;  it  also  presses  laterally  upon  the 
/^f  "\|  side  A,  and  the  hoop  n,  and  downward  upon 
<<— ^— >  d  ',  d  and  n  in  turn  trans- 


4 


mit  pressure  to  their 
adjacent  hoops,  and  thus 
every  hoop  receives  and 
transmits,  upward,  down- 
ward, and  laterally,  a 
force  equal  to  the  down- 
ward pressure  of  the 
weight  "W.  Hence  that 
portion  of  the  bottom 
immediately  under  the 
weight  receives  no  greater 
pressure  from  W  than  an  equal  area  of  any  other  part 
of  the  bottom,  or  than  an  equal  area  of  either  of  the 
sides,  A  and  B,  or  the  top  C.  The 
following  is  a  verification  of  the  law 
itself : — 

If  we  take  a  quantity  of  water  in 
a  vessel  A  (Fig.  71),  shut  in  by  two 
pistons,  a  and  6,  whose  areas  are  re- 
spectively \Q'^'^  and  4'>*'™,  and  place 
a  10-gramme  weight  on  the  platform 
rf,  and  an  equal  weight  on  the  plat- 
form c,  it  will  be  found  that  the 
latter  is  not  sufficient  to  balance 
the  former,  but  that  it  will  require  a  40-gramme  weight 
placed    on    c    to   preserve   equilibrium.      But  the  area 


Fig.  71. 
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of  the  piston  b  is  4'^"™,  while  the  piston  a  contains  four 
such  areas;  hence  it  follows  that  a  pressure  of  10^  is 
transmitted  to  each  of  the  4'^''™  of  a,  and  just  supports  the 
40-gramme  weight.  Had  the  area  of  the  piston  h  been 
j^qcm^  then  the  10-gramme  weight  placed  on  it  would 
require  a  160-gramme  weight  placed  on  a  to  balance  it ; 
that  is,  a  pressure  of  10*^  would  be  exerted  on  every 
square  centimetre  of  a. 

Obviously  this  form  of  apparatus  cannot  be  made  to  work 
well  on  account  of  the  friction  of  the  pistons  ;  but  we  may 
substitute  for  the  pistons  and  weights  columns  of  liquids. 
For  instance,  let  the  connecting  tube  and  the  lower  part  of  the 
barrels  be  filled  with  mercury  ;  the  two  free  surfaces  will  rest 
at  the  same  level.  Now  if  10°  of  any  liquid,  e.g.  water,  is 
poured  into  b,  the  level  of  the  mercury  will  be  changed  ;  and, 
to  bring  it  back  to  its  original  level,  40^  of  some  liquid  must 
be  poured  into  a. 

§  89.  Hydrostatic   Bellows. — The  law  of  trans- 

missibility  of  fluid  pressure  is  well  illustrated  l)y  means 

^      of  the  hydrostatic  bellows.     Tavo  boards,  b   and    c 

W      (Fig.  72),  each  having  an  area  of  (say)  400'i'"',  are 

so  connected,  by  leather  attached  to  their  edges, 

as  to  form  an  air-tight  vessel  called  the  bellows. 

A   glass   tube    a,    having  a  bore  of    1^*^  section, 

communicates  with    the    interior  of  the   bellows. 

Let  water  be  poured  into  the  tube  a  till  the  board 

b  is  raised  a  few  centimetres.     The 

water  will  stand  at  almost  the  same 

height  in   the    tube    and  bellows. 

Now,   if  50^   of  water  be  poured 

into    the   tube,    it   will    require  a 

weight    of    20,000sf  to    be  placed 

upon  b  to  prevent  its  rising.     Any 

weight  less  than  that  will  be  raised 

by  the  50^  of  water.     If,  instead  of  water  being  introduced 

into  the  bellows,  a  person  stand  on  b,  and  blow  into  the 
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tube,  he  can  easily  raise  liimself  by  the  pressure  of  the 
air  from  his  lungs. 

§  90.  Hydrostatic  Press. — Closely  allied  to  the 
bellows  is  the  hydrostatic  press,  sometimes  called  Bramali's 
press  from  the  name  of  the  inventor.  You  see  two  pistons, 
t  and  5,  Fig.  73.  The  area  of  the  lower  surface  of  t 
is  (say)   one    hundred 


times  that  of  the  lower  ^^^ 
surface  of  s.  As  the 
piston  s  is  raised  and 
depressed,  w^ater  is 
pumped  up  from  the 
cistern  A,  forced  into 
the  cylinder  ar,  and 
exerts  an  upward  pres-  ^r^- 
sure  against  the  piston 
t  one  hundred  times 
greater  than  the  down- 
ward pressure  exerted 
upon    s.     Thus,   if   a 


Fig.  73. 


pressure  of  one  hun- 
dred pounds  is  applied 

at  s,  the  cotton  bales  will  be  subjected  to  a  pressure  of 
five  tons. 

The  pressure  that  may  be  exerted  by  these  presses  is 
enormous.  The  hand  of  a  child  can  break  a  strong  iron 
bar.  But  observe  that,  although  the  pressure  exerted  is 
very  great,  the  upward  movement  of  the  piston  t  is  veiy 
slow.  In  order  that  the  piston  t  may  rise  V"\  the  piston 
s  must  descend  100''™.  The  disadvantage  arising  from 
slowness  of  operation  is  little  thought  of,  however,  when 
we  consider  the  great  advantage  accruing  from  the  fact 
that  one  man  can  produce  as  great  a  pressure  with  the 
press  as  a  hundred  men  can  exert  without  it. 

The  press  is  used  for  compressing  cotton,  hay,  etc., 
into  bales,  and  for  extracting  oil  from  seeds.     The  modern 
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engineer  finds  it  a  most  efficient  macliine,  whenever  great 
weiglits  are  to  be  moved  througli  short  distances,  as  in 
launching  the  Ch'eat  Eastern  steamship,  or  in  raising  into 
position  the  tubes  of  the  Menai  Bridge. 

§  91.  Intensity  of  the  Pressure  at  a  given 
Point  in  a  Liquid. — We  have  already  learned  that  in 
a  particular  liquid  the  pressure  at  any  point  is  the  same 
in  all  directions,  and  that  it  is  the  same  at  all  points  at 
the  same  depth.  Let  us  now  try  to  learn  what  this  pres- 
sure is  at  a  given  depth  in  a  given  liquid. 

Experiment. — Take  a  straight  tube,  of  uniform  bore,  open 
at  both  ends,  and  having  a  cross  section  of  (say)  li'='»,  and 
place  it  vertically  in  a  vessel  of  water.  Observe  the  height  to 
which  the  water  rises  within  the  tube. 

Now  let  us  consider  the  forces  acting  on  the  column  of 
water  within  the  tube.  This  water  is  at  rest,  and  hence 
the  forces  tending  to  move  it  downwards  are  just  counter- 
balanced by  the  forces  tending  to  move  it  upwards.  The 
sides  of  the  tube  are  vertical,  hence  their  pressure  on  the 
column  of  water  within,  being  horizontal,  has  no  effect  to 
cause  motion  upwards  or  downwards.  The  only  other 
forces  acting  upon  this  water  are  the  pressure  on  its  upper 
surface,  its  own  weight,  and  the  pressure  on  its  base.  It 
is  evident  therefore  that  the  pressure  of  the  surrounding 
water  on  its  base  is  equal  to  the  pressure  on  its  upper 
surface  plus  its  weight.  Thus  we  learn  from  this  experi- 
ment that  the  -pressure  on  one  square  centimetre  at  a  point 
in  water  1  centimetre  helow  its  surface  is  equal  to  the  pressure 
on  one  square  centimetre  of  the  surface  of  this  water  plus  the 
weight  of  1  cubic  centimetre  of  water.  Make  similar  ex- 
periments with  other  liquids,  and  state  a  general  con- 
clusion regarding  the  subject  of  this  section. 

§  92.  The  Surface  of  a  Liquid  at  Rest  is 
Horizontal. — By  jolting  a  vessel  the  surface  of  a  liquid 
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Fig.  74. 


in  it  may  be  made  to  assume  the  form  seen  in  Fig.  74. 
Can  it  retain  this  form  1  Take  two  particles  of  the 
liquid  at  the  points  a  and  6,  on  the  same  horizontal  level. 
The  downward  pressure  upon  a  is  measured  by  p  +  ac, 
where  p  measures  the  pressure  of  the 
atmosphere  on  the  surface  of  the  liquid, 
and  the  downward  pressure  upon  b  is 
measured  hj  p  +  hd.  Now,  since  the 
pressure  at  a  given  depth  is  equal  in  all 
directions,  p  +  bd  and  p  +  ac  represent 
the  lateral  pressures  at  the  points  b  and  a 
respectively.  But  bd  is  greater  than  ac  ;  hence  the  particles 
a  and  b,  and  those  lying  in  a  straight  line  between  them, 
are  acted  upon,  along  this  line,  by  two  unequal  forces  in 
opposite  directions,  and,  since  ab  is  horizontal,  the  weight  of 
these  particles  has  no  tendency  to  cause  them  to  move 
along  this  line.  There  will,  therefore,  be  a  movement  of 
liquid  in  the  direction  of  the  greater  force  towaitl  a,  till 
tliere  is  equilibrium  of  forces,  which  will  occur  only  when 
the  points  a  and  b  are  equally  distant  from  the  surface  ; 
or,  in  other  words,  there  will  be  no  rest  till  all  points  in  the 
free  surface  are  on  the  same  horizontal  level. 

This  fact  is  commonly  expressed    thus:    "Water  always 
seeks  its  lowest   level."     In  accordance  with  this  principle, 


water  flows  down  an  inclined  plane,  and  will  not  remain  heaped 

up.     An  illustration  of  the  application  of  this  principle,  on  a 

large  scale,  is  found  iu  the  method  of  supplying  cities  with 

L 
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water.  Fig.  75  represents  a  modern  aqueduct,  through  whicli 
water  is  conveyed  from  an  elevated  pond  or  river  a,  beneath  a 
river  h,  over  a  hill  c,  through  a  valley  d,  to  a  reservoir  c,  in  a 
city,  from  which  water  is  distributed  by  service-pij)es  to  the 
dwellings.  The  pipe  is  tapped  at  different  points,  and 
fountains  rise  theoretically  to  the  level  of  the  water  in  the 
pond,  but  practically  not  so  high,  on  account  of  the  resistance 
of  the  air  and  the  check  which  the  ascending  stream  receives 
from  the  falling  drops.  Where  should  the  pipes  be  made 
stronger,  on  a  hill  or  in  a  valley  ?  Where  will  water  issue 
from  taps  with  greater  force,  in  an  upper  chamber  or  in  a 
basement  ?  How  high  may  water  be  drawn  from  the  pipe  in 
the  house  /  ? 

§  93.  Artesian  Wells,  etc. — In  most  places  the 
crust  of  the  earth  is  composed  of  distinct  layers  of  earth  and 
rock  of  various  kinds.     These  layers  frequently  assume  concave 


Fig.  76. 

shapes,  so  as  to  resemble  cups  placed  one  within  another. 
Fig.  76  represents  a  vertical  section  exj^osing  a  few  of  the 
surface-layers  of  the  earth's  crust ;  a  is  a  stratum  of  loose  sand 
or  gravel  ;  h,  a  clay-bed  ;  c,  a  stratum  of  slate  ;  d,  a  stratum 
of  limestone  ;  the  whole  resting  on  a  bed  of  granite  e.  If  you 
hollow  out  a  lump  of  clay,  and  pour  water  into  the  cavity,  you 
will  find  that  the  water  Avill  percolate  through  the  clay  very 
slowly.  Water  that  falls  in  rain  passes  readily  through  the 
gravel  a,  till  it  reaches  the  clay-bed  h,  where  it  collects.  Hence 
a  well,  sunk  to  the  clay-bed,  Avill  fill  with  water  as  high  as  the 
water  stands  above  the  clay.     Water  also  works  its  way  from 
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elevated  places  dowTi  between  the  sti-ata  of  rocks.  If  a  hole  is 
bored  through  the  slate  c,  water  will  rise  above  the  surface  of 
the  gi'ound  in  a  fountain,  in  attempting  to  reach  the  level  of 
its  source  on  the  hill  ;  and  if  bored  still  lower,  through  the 
stratum  d,  a  stiU  higher  fountain  may  result.  Such  borings 
are  called  Artesian  tcells.  Water  frequently  forces  its  way 
through  fissures  in  the  rocky  strata  to  the  surface,  as  at  t,  and 
gives  rise  to  springs. 

QXJESTIONS  AND  PROBLEMS 

1.  At  high  tide,  suppose  the  flood-gate  of  a  dock  to  be 
closed,  leaving  the  sm-face  of  water  on  the  inside  and  outside 
of  the  gate  at  the  same  level.  From  which  does  the  gate 
sustain  the  greater  pressure,  the  water  in  the  dock,  or  the 
ocean  of  water  outside  ?     Why  ? 

2.  The  interior  dimensions  of  the  rectangular  vessel  (Fig. 
77)  are  25'=°^  in  length,   20"=™  in  width,  and 
15*='"  in  depth.     The  vessel  is  full  of  water.  ^/t 
Compute  the  total  pressure  on  its  base. 

3.  Suppose  that  the  plug  n  (Fig.  77),  the 
area  of  whose  end  is  4*i<=™,   is  pressed   down 
upon  the  siu-face  of  the  water  with  the  force  ^    ~^ 
of  1008 ;   what  additional  pressuie  will  each           Fig.  77. 
side  of  the  vessel  sustain  ? 

4.  Suppose  mercuiy,  which  is  13-6  times  as  dense  as  water, 
to  be  employed  instead  of  water,  what  would  be  the  answers 
to  the  two  preceding  questions  ? 

5.  Into  the  top  of  a  keg  filled  with  water,  a  brass  tube  10" 
long  is  inserted,  a  transverse  section  of  whose  bore  is  1*»"". 
The  depth  of  the  water  in  the  cask  is  30«",  and  the  area  of  the 
bottom  of  the  cask  is  40ic™.  (a)  Compute  the  pressure  on 
the  bottom  of  the  keg.  (b)  Compute  the  pressure  on  the 
bottom  of  the  cask  if  the  tube  is  filled  with  water,  (c)  What 
is  the  weight  of  the  water  in  the  tube  that  causes  this  extra 
pressure  ? 

6.  What  crushing-force  on  eaoh  side  would  an  empty  cubical 
box,  the  area  of  one  of  whose  sides  is  li«,  be  subject  to,  if 
lowered  I'™'  into  the  sea  ? 

7.  What  crushing-force  on  each  side  would  this  box  be  sub- 
ject  to  from  the  atmospheric  pressure  at  the  sea-level,  if  the 
air  were  completely  exhausted  therefrom  ? 
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8.  Suppose  the  top  of  the  vessel  (Fig.  77)  to  be  the  weak 
part  of  the  vessel,  not  able  to  sustain  more  than  50^  pressure 
on  101*=''*,  what  pressure  applied  to  the  plug  will  burst  the 


§  94.  The  Pressure  of  the  Atmosphere.— 
Experiment  3.  —  Prepare  a  U-shaped  glass  tube  closed  at 
one  end  (Fig.  78),  80*^™  in  height  from  the  centre  of  the  bend, 
and  with  a  bore  of  li''™  section.  Fill  the 
closed  arm  with  mercury,  being  careful  to 
drive  out  all  the  air,  and  invert.  The 
mercury  falls  to  the  level  A.  Carefully 
measure  AB,  while  the  tube  is  perfectly 
vertical.  Now  the  surface  at  C  is  exposed 
to  the  pressure  of  the  atmosphere,  while  the 
surface  at  A  is  exposed  to  no  pressm'e.  It 
is  evident,  therefore,  that  the  pressure  of 
the  atmosphere  on  the  one  square  centi- 
metre of  surface  at  C  is  equal  to  the  weight 
of  the  mercury  in  the  column  AB.  If  AB 
is  I  centimetres  long,  the  column  of  mer- 
cury AB,  since  its  cross  section  is  one  square 
centimetre,  has  a  volume  of  I  cubic  centi- 
metres, and  hence  weighs  13,6  Z  grammes. 
From  your  experiment  what  do  you  find 
to  be  the  pressure  of  the  atmosphere  per 
-B  square  centimetre  ?  From  this  conclusion 
determine,  by  calculation,  its  pressure  per 
square  inch  and  its  pressure  per  square 
foot. 

Would  the  column  AB  have  a  different 
length  if  a  tube  having  a  larger  or  a  smaller  bore  were  used  ? 
Why  not  use  water  in  making  this  experiment  ? 
Why  is  it  made  a  condition  of  this  experiment  that  the 
tube  shall  be  vertical  when  the  length  of  the  column  AB  is 
observed  ? 

§  95.  The  Barometer. —  Fig.  79  represents  an- 
other form  of  apparatus,  which  is  more  commonly  used 
for  ascertaining  atmospheric  pressure.  It  consists  of  a 
straight  tube  about  85'''**  long,  closed  at  one  end,  and 
filled  with  mercury.      When  this  tube  is    inverted,   the 


Fig.  78. 
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open  end  having  been  covered  with  a  finger  and  plunged 
into  an  open  cup  of  mercury,  and  the  finger  withdrawn, 
the  mercury  in  the  tube  will  sink  till  it  balances  the 
atmospheric  pressure.     This  experiment  was  devised  by 


Torricelli,  an  Italian. 
meter. ^  The  empty 
space  above  the  mer- 
cury in  the  tube  is 
called  a  Torricellian 
vacuum.  The  history 
of  this  experiment  is 
very  interesting  and 
important,  inasmuch 
as  it  was  the  first  de- 
monstration of  the 
pressure  of  the  atmo- 
sphere. (SeeWhewell's 
History  of  Inductive 
Sciences,  vol.  i.  p. 
345.) 

The  height  of  the 
barometric  column  la 
subject  to  fluctuations ; 
this  shows  that  the 
atmospheric     pressure 


The  apparatus  is  called    a  haro- 


^ 


Fig.  79. 


is  subject  to  variations. 

These  variations  arise  from  various  causes.  The  baro- 
meter is  always  a  faithful  monitor  of  all  chauges  in 
atmospheric  pressure.  It  is  also  serviceable  as  a  weather 
indicator.  Not  that  any  particular  point  at  which  mer- 
cury may  stand  foretells  any  particular  kind  of  weather, 
but  any  sudden  change  in  the  barometer  indicates  a  change  in 
the  iveather.  A  rapid  fall  of  mercury  generally  forebotles 
a  storm,  while  a  rising  column  indicates  clearing  weather. 
If  the  barometer  is  carried  up  a  mountain,  it  is  found, 


^  Barometer,  weight  mecuurer. 


150 


ELEMENTS  OF  PHYSICS 


CHAP. 


as  would  be  expected,  that  tlie  mercury  constantly  falls 
as  the  ascent  increases.      Tliis  shows  that  the  pressure 


Pig.  80. 

is  greater  near  the  bottom  of  the  aerial  ocean  than  near 
its  top.  It  is  found  that  the  pressure  increases  very 
rapidly  near  the  bottom,  as  may  be  understood  by  study- 


DYNAMICS 


161 


ing  Fig.  80.  The  shading  shows  the  variation  in  density 
of  the  air.  The  figures  in  the  left  margin  show  the  height 
of  the  atmosphere,  in  miles  ;  those  on  the 
right  the  corresponding  height  of  the  mer- 
cury, in  inches.  The  average  height  of 
the  mercurial  column,  at  the  level  of  the 
sea,  is  about  76*"^  (30  inches). 

It  will  be  seen  that  the  density  at  a 
height  of  3  miles  is  but  little  more  than  |- 
the  density  at  the  sea-level  ;  at  6  miles,  J  ; 
at  9  miles,  |- ;  at  15  miles,  ^j^ ;  at  35 
miles  it  is  calculated  to  be  only  -j^-^^jjjy,  so 
that  the  greatest  part  of  the  atmosphere 
must  be  within  that  distance  of  the  surface 
of  the  earth. 

To  what  height  the  atmosphere  extends 
is  unljinown.  It  is  variously  estimated  at 
from  50  to  200  miles.  If  the  aerial  ocean 
were  of  uniform  density,  and  of  the  same 
density  that  it  is  at  the  sea-level,  its  depth 
would  be  a  little  short  of  five  miles.  Cer- 
tain peaks  of  the  Himalayas  would  rise  above 
it.  It  may  be  readily  seen  that  heights  of 
mountains  may  be  measured  approximately 
by  the  aid  of  a  barometer. 

A  common  form  of  barometer  is  repre- 
sented in  Fig.  81.  Beside  the  tube  and 
near  its  top  is  placed  a  scale  graduated  in 
inches  or  in  centimetres  indicating  the  height 
of  the  mercurial  column. 


H 


§  96.  Aneroid  Barometer. — In  this 
instrument  no  liquid  is  used.     It  contains        Fig.  si, 
an  air-tight   cylindrical    box    D  (Fig.   82), 
having  a  very  flexible  cover.     The   varying  atmospheric 
pressure  causes  this  flexible  cover  to  rise  and  sink  much 
like  the  chest  of  man  in  breathing.     Slight  movements 
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of  tins  kind  are  communicated  by  means  of  multiply- 
ing-apparatus  (apparatus  "by  means  of  which  a  small 
movement  of  one  part  is  magnified  into  a  large  move- 
ment of  another  part)  to  the  index  needle  A.  The  dial 
is  graduated  to  correspond  with  the  scale  of  a  mercurial 


Fig.  82. 


barometer.  The  observer  turns  the  button  C  and  brings 
the  brass  needle  B  over  the  black  needle  A,  and  at  his 
next  observation  any  departure  of  the  latter  from  the 
former  will  show  precisely  the  change  which  has  occurred 
between  the  observations. 

The  aneroid  can  be  made  more  sensitive  (i.e.  so  as  to 
show  smaller  changes  of  atmospheric  pressure)  than  the 
mercurial  barometer. 
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QUESTIONS 

1 .  A  person  on  the  top  of  Mont  Blanc  would  take  in  what 
portion  of  the  air,  on  expanding  his  lungs  to  a  certain  extent, 
than  he  would  at  the  bottom  ? 

2.  How  would  this  affect  breathing,  considering  that  a 
person  requires  to  inhale  a  definite  weight  or  mass  of  air  in  a 
given  time,  in  order  to  sustain  life  ? 

3.  A  person  ascending  6  miles  in  a  balloon  leaves  what 
fraction  of  the  whole  mass  of  air  below  him  ? 

4.  When  the  barometric  column  stands  at  492™™,  what  is 
the  atmospheric  pressure  in  grammes  per  square  centimetre  ? 

5.  A  barometer  carried  into  a  mine  sta,nds  at  982'"™  ;  what 
is  the  atmospheric  pressure  in  the  mine  ? 

6.  Would  you  expect  a  sudden  change  in  the  pressure  of 
the  atmosphere  at  a  given  point  to  be  followed  by  a  movevicnt 
of  the  atmosphere,  and  hence  by  a  change  of  weather  ?     Why  ? 

§  97.  Compressibility  and  Expansibility  of 
Gases. — The  increase  of  pressure  attending  the  increase 
in  depth,  in  both  liquids  and  gases,  is  readily  explained 
by  the  fact  that  the  lower  layers  of  fluids  sustain  the 
weight  of  all  the  layers  above.  Consequently,  if  the  body 
of  fluid  is  of  uniform  density,  as  is  very  nearly  the  case 
in  liquids,  the  pressure  will  increase  in  the  same  ratio  as 
the  depth  increases.  But  the  aerial  ocean  is  far  from 
being  of  uniform  density,  in  consequence  of  the  extreme 
compressibility  of  gaseous  matter.  For  most  practical 
purposes  we  may  regard  the  density  of  water  at  all  depths 
as  uniform. 

TJie  pressure  at  diff'erent  depths  in  liquids  may  be 
illustrated  l)y  piling  several  bricks  one  on  another,  wlieu 
the  pressures  that  different  bricks  sustain  vary  directly 
with  their  depths  below  the  upper  surface  of  the  pile. 
On  the  other  hand,  pressure  of  gases  at  diff'erent  depths 
may  be  illustrated  by  piling  fleeces  of  wool  one  on  an- 
other. Since  the  volume  of  each  successive  fleece  varies 
with  the  weight  it  bears,  the  pressures  which  diff'erent 
fleeces  sustain  are  not  proportional   to    their  respective 
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depths  below  the  upper  surface  of  the  pile.  At  twice 
the  depth  there  is  much  more  than  twice  the  pressure, 
because  the  lower  point  supports  more  than  twice  the 
number  of  fleeces. 

Closely  allied  to  compressibility  is  the  elasticity  of 
gases,  or  their  power  to  recover  their  former  volume 
after  compression.  The  elasticity  of  all  fluids  is  perfect. 
By  this  is  meant  that  the  force  exerted  in  expansion  is 
always  equal  to  the  force  used  in  compression  ;  and  that, 
however  much  a  fluid  is  compressed,  it  will  always  com- 
pletely regain  its  former  bulk  when  the  pressure  is 
removed.  Liquids  are  perfectly  elastic  ;  but,  inasmuch 
as  they  are  perceptibly  compressed  only  under  tre- 
mendous pressure,  they  are  regarded  as  practically  in- 
compressible, and  so  it  is  rarely  necessary  to  consider 
their  elasticity.  It  has  already  been  stated  (§  16)  that 
matter  in  a  gaseous  state  expands  indefinitely,  unless 
restrained  by  external  force.  What  confines  the  atmo- 
sphere to  the  earth  ? 

Experiment  1. — Partially  fill  an  india-rubber  balloon  with 
air  and  tightly  close  it.  "What  is  the  external  force  that  pre- 
vents the  air  in  the  balloon  from  ex- 
panding and  completely  inflating  the 
balloon  ?  Place  it  under  the  glass  re- 
ceiver of  an  air-pump  (Fig. 
83)  and  exhaust  the  air. 
What  is  the  result  ?     Why  ? 

Glass-blowers  prepare  thin 
glass  bottles  (Fig.  84)  for  the 
purpose    of    illustrating    the 
tension  of  air.    Containing  air 
of  ordinary  density,  they  are      ^ig.  84. 
sealed  and  placed  under  the 
receiver  of  an  air-pump  ;    the  surround- 
ing air  (and  hence  the  outside  pressure) 
Fig.  83.  is  removed,   and  the  enclosed  air  then 

bui-sts  the  bottles,  throwing  fragments 
of  glass  iu  all  directions. 

Experiment  2. —  Take  a  glass   tube  (Fig.  85),  having  a 
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bulb  blown  at  one  end.  Nearly  fill  it  with  water,  so  that 
when  inverted  there  will  be  only  a  bubble  of  air  in  the  bulb. 
Insert  the  open  end  in  a  glass  of  water,  place  under  an  air- 
pump    receiver,    and    exhaust.        What    happens?        Why? 


Fig.  85. 

What  will  happen  when  the 
air  is  admitted  to  the  receiver  ? 
Try  it. 

Experiment  3.— Tlirough  the  cork  of  a  tightly-stopped 
bottle  pass  one  arm  of  a  U-shaped  glass  tube  C  (Fig.  86). 
Introduce  the  other  arm  into  the  empty  vessel  B.  Place 
the  whole  under  a  glass  receiver,  and  exhaust  the  air.  What 
phenomena  will  occur  ?  What  will  happen  when  air  is 
admitted  to  the  receiver  ? 

At  every  point,  then,  in  a  body  of  air,  forces  are 
acting  outwards.  The  air  is  somewhat  like  a  spring 
coiled  up,  and  ready  to  relax  itself,  when  opportunity  is 
given.  Since  this  elastic  force  at  the  bottom  of  the 
column  exactly  balances  the  force  of  gravity  acting  on 
the  whole  column,  i.e.  is  equal  to  the  weight  of  the  whole 
'column,  it  follows  that,  at  the  sea-level^  the  elastic  force  of 
air  is  ordinarily  J*  per  square  centimetre  (§  94). 

§  98.  Boyle's  and  Mariotte's  Law. — The  fore- 
going experiments  showed  that  the  volume  of  a  given 
body  of  gas  depends  upon  the  pressure  to  which  it  is 
subjected.  To  find  more  exactly  the  relation  between 
these  quantities,  proceed  as  follows  : — 
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Experiment  1. — Take  a  bent  glass  tube  (Fig.  87),  the 
short  arm  being  closed,  and  the  long  arm,  which  should  be 
at  least  85'^'"  long,  being  open  at  the  top.  Setting  it  in  a 
vertical  position,  pour  mercury  into  the 
tube  till  the  surfaces  in  the  two  arms 
stand  at  zero.  Now  the  surface  in  the 
long  arm  supports  the  weight  of  an 
atmosphere.  Therefore  the  tension  of 
the  air  enclosed  in  the  short  arm,  which 
exactly  balances  it,  must  be  just  that 
of  the  atmosphere  outside.  Next  pour^ 
mercury  into  the  long  arm  till  the  sur- 
face in  the  short  arm  reaches  5,  or  till 
the  volume  of  air  enclosed  is  reduced 
one-half.  Measure  accurately  the  ver- 
tical distance  between  the  surface  of 
the  mercury  in  the  short  arm  and  that 
in  the  long  arm.  How  does  this  com- 
pare with  the  height  of  the  barometric 
column  at  the  time  the  experiment  is 
made  ?  What  pressure  does  the  air  in 
the  short  arm  now  sustain  ?  At  first 
the  air  in  the  short  arm  sustained  a 
pressure  of  one  atmosphere.  This  air 
has  been  compressed  to  one -half  its 
original  volume.  What  relation  do 
you  find  in  this  case  between  the  volume 
of  a  given  mass  of  air  and  the  pressure 
to  which  it  is  subjected  ? 

Experiment  2. — Next  take  a  glass 

tube  (Fig.  88)  open  at  both  ends,   and 

about  24  inches  long.     Tie  three  strings 

around  the  tube, — one  3  inches  from 

J^y  the  top,  another  6  inches,  and  the  third 

ii^j_^_^_  -Qj^^2=-     21  inches.      Nearly  fill  a  glass  jar,  B, 

Fig.  87.  25   inches  high  with  mercury.      Lower 

the  tube  into  the  mercury  till  it  reaches 

the  string  at  3.      Press  a  finger  firmly  over  the  upper  end, 


and  raise  the  tube  till  the  string  at   21   is  on  a  level  with 
the   surface   of  the  mercury  in   the  jar.     Observe  the  space 


*  Pour  this  mercury  in  gently, 
into  the  short  arm. 


as  not  to  drive  any  more  air 
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now  occupied  by  the  air.  Measure  the  height  of  the  mercury 
in  the  small  tube  above  the  surface  of  the  mercury  in  the  large 
tube.  What  pressure  does  the  air  in  the  small  tube  now  sus- 
tain ?  "What  relation  do  you  find,  in  this  case,  between  the 
volume  of  a  given  mass  of  air  and  the  pressure 
to  which  it  is  subjected  ?  Repeat  the  experi- 
ments varying  the  measurements. 

From  experiments  like  the  foregoing, 
witli  air  and  with  other  gases  it  has  been 
found  that,  at  constant  temperature^  the 
volume  of  a  body  of  gas  varies  inversely  as 
the  pressure.  This  is  sometimes  called 
Mariotte's,  and  sometimes  Boyle's,  law, 
from  the  names  of  the  two  men  who  dis- 
covered it  at  about  the  same  time.  This 
law  is  true  for  all  gases  within  certain 
limits,  but  under  extreme  pressure  the 
reduction  in  volume  is  greater  than  as- 
serted by  it.  The  greatest  deviation  from 
it  occurs  with  those  gases  that  are  most 
easily  liquefied. 

Having  acquired  precise  knowledge 
regarding  the  compressibility  and  expansi- 
bility of  gases,  we  are  now  in  a  position 
to  understand  the  action  of  the  air-pump, 
an  instrument  we  have  had  occasion  to  use  several  times 
in  our  previous  work. 


Fig.  88. 


§  99.  The  Air-pump. — The  air-pump,  as  its  name 
implies,  is  used  to  withdraw  air  from  a  closed  vessel. 
Fig.  89  will  serve  to  illustrate  its  operation.  R  is  a  glass 
receiver  from  which  air  is  to  be  exhausted.  B  is  a  hollow 
cylinder  of  brass,  called  the  pump-barrel.  A  plug  P, 
called  a  piston,  is  fitted  to  the  interior  of  the  barrel,  and 
can  be  moved  up  and  down  by  the  handle  H  ;  8  and  t  are 
valves.  A  valve  acts  on  the  principle  of  a  door  intended 
to  open  or  close  a  passage.     If  you  walk  against  a  door 
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on  one  side,  it  opens  and  allows  you  to  pass ;  but  if  you 
walk  against  it  on  the  other  side,  it  closes  the  passage, 
and  stops  your  progress.  Suppose  the  piston  to  be  in  the 
act  of  descending.  The  compression  of  the  air  in  B  closes 
the  valve  t,  and  opens  the  valve  s,  and  the  enclosed  air 
escapes.  After  the  piston  reaches  the  bottom  of  the 
barrel,  it  is  drawn  up  ;  when  the  air  above  the  piston,  in 
attempting  to  rush  down  to  fill  the  vacuum  that  is  formed 
between  the  bottom  of  the  barrel  and  the  piston,  closes 


Fig.  89. 


the  valve  s.  But  as  soon  as  a  vacuum  is  formed  above  t, 
and  the  downward  pressure  on  the  valve  removed,  the  air 
in  R  expands,  opens  the  valve  t,  and  fills  the  space  in  B 
that  would  otherwise  be  a  vacuum.  But,  as  the  air  in  R 
expands,  it  becomes  rarefied  ;  and,  as  there  is  less  air,  so 
there  is  less  tension.  The  external  pressure  of  the  air  on 
R,  being  no  longer  balanced  by  the  tension  of  the  air 
within,  presses  the  receiver  firmly  upon  the  plate  L. 
Each  repetition  of  a  double  stroke  of  the  piston  removes 
a  portion  of  the  air  remaining  in  R.  The  air  is  removed 
from  R  by  its  own  expansion.     However  far  the  process 
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of  exhaustion  may  be  carried,  the  receiver  will  always  be 
filled  with  air,  although  it  may  be  exceedingly  rarefied. 
The  operation  of  exhaustion  is  practically  ended  when  the 
tension  of  the  air  in  R  becomes  too  feeble  to  lift  the 
valve  t 

D  is  another  receiver,  opening  into  the  tube  T,  that 
connects  the  receiver  with  the  barrel.  Inside  the  re- 
ceiver is  placed  a  barometer.  It  is  apparent  that  air  is 
exhausted  from  D  as  well  as  from  R  ;  and,  as  the  pressure 
is  removed  from  the  surface  of  the  mercury  in  the  cup, 
the  barometric  column  falls  ;  so  that  the  barometer  serves 
as  a  gauge  to  indicate  the  approximation  to  a  vacuum. 
When  the  mercury  has  fallen  380°^  (15  inches),  how 
much  of  the  air  has  been  removed  ? 

QUESTIONS 

1.  Why  is  it  diflficult  for  a  person  to  lift  the  receiver  from 
the  pump  after  the  air  is  exhausted  from  it  ? 

2.  Why  is  it  easily  raised  before  the  air  is  exhausted  ? 

3.  Suppose  that  the  air  in  the  pump-barrel,  when  the  piston 
is  raised,  is  one-eighth  of  all  the  air  in  the  pump,  in- 
cluding the  air  in  the  receivers  ;  what  portion  of  the 
ail'  is  removed  by  the  first  double  stroke  ? 

4.  What  portion  of  the  original  amount  of  air  is 
removed  at  the  second  double  stroke  ? 

5.  Which  double  stroke  removes  the  most  air  ? 

6.  If  there  were  no  force  required  to  lift  the 
valve  t,  why  could  not  a  perfect  vacuum  be  obtained? 

7.  It  is  a  very  good  pump  that  reduces  the  height 
of  the  mercurial  column  to  3""".  What  portion  of 
the  air  has  been  removed  in  that  case  ? 

8.  Into  the  neck  of  a  bottle  partly  filled  with 
water  (Fig.  90)  insert  a  cork  very  tightly,  through 
which  passes  a  glass  tube  nearly  to  the  bottom  of 
the  bottle.  Blow  forcibly  into  the  bottle.  On  re- 
moving the  mouth,  water  will  flow  through  the  tube  Fig.  90. 
in  a  stream.     Why  ? 

9.  How  can  an  ounce  of  air,  in  a  closed  fragile  vessel,  sustain 
the  outside  pressure  of  the  atmosphere,  amounting  to  several  tons? 
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1 0.  Wliat  drives  the  pellets  from  a  pop-gun  ? 

11.  Fig.  91  represents  a  dropping-bottle,  much  used  in 
chemical  laboratories.  Why  do  bubbles  of  air  force  their  way 
down  into  the  liquid  ? 

12.  Stop  the  upper  orifice,  and  the  liquid  will  quickly  cease 

to  drop.  Why  ?  The  student  can  easily 
construct  this  apparatus  for  himself, 
making  use  of  a  short  piece  of  large  glass 
tubing,  two  pieces  of  small  glass  tubing, 
and  two  corks. 

13.  The  inconvenience  arising,  in  many 
culinary  and  laboratory  operations,  from 
water  "boiling  away,"  may  be  remedied 
as  represented  in  Fig.  92.  A  wide- 
mouthed  bottle  filled  with  water  is  so 
suspended  that  its  mouth  is  just  below 
the  surface  of  the  boiling  liquid.  As 
the  water  evaporates,  and  its  surface  falls 

below  the  mouth  of  the  bottle,  an  air-bubble  enters  the  bottle, 

expands,    and   pushes   out    enough  water  to  cover  once  more 

the  mouth  of  the  bottle.      Why  does  not  the 

air  push  out  all  the  water  from  the  bottle  1 

14.  Fig.  93  represents  a  weight-lifter. 
Into  a  hollow  cylinder  s  is  fitted  air-tight 
a  piston  t.  The  cylinder  is  connected  with 
an  air-pump  by  an  india-rubber  tube  u. 
When  air  is  exhausted  the  piston  rises, 
lifting  the  heavy  weight  attached  to  it. 
AVhy  ? 

15.  If  the  area  of  the  lower  surface  of 
the  piston  is  20^'"",  how  heavy  a  weight 
ought  to  be  lifted  when  the  air  is  one-half 
exhausted  ? 

16.  Suppose  you  were  to  tightly  stopper 
a  bottle  at  the  top  of  JVIont  Blanc,  carry  it 
to  the  sea-level,  insert  the  mouth  of  the 
bottle  in  water,  and  withdraw  the  stopper  ;  what  would  happen  ? 

17.  Sliow  that  the  labour  of  M'orking  the  kind  of  air-pump 
described  (§  99)  increases  as  the  exhaustion  progresses. 

An  absolute  vacuum  has  never  been  attained.  The 
difficulty  may  be  readily  understood.     According  to  the 
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most  recent  calculations,  the  number  of  molecules  con- 
tained in  a  cubic  centimetre  of  air  of  ordinary  density 
is  something  like  21,000,000,000,000,000,000;  conse- 
quently, when  it  is  reduced  to  one -millionth  its  usual 
density,  21,000,000,000,000  molecules  are  still  left.  The 
exhaustion  may  be  carried  much  farther  than  by  purely 
mechanical  means,  by  heating  a  piece  of  charcoal  in  the 
receiver  while  the  pumping  is  going  on.      Heat  expels 


Fig.  93. 

the  air  in  its  pores.  After  the  pumping  has  ceased,  the 
charcoal  is  allowed  to  cool,  when  it  condenses  a  large 
portion  of  the  remaining  air  in  its  pores  (see  §  37). 

A  very  cheap  and  efficient  substitute  for  an  air-pump 
for  many  purposes  may  be  arranged  as  in  Fig.  94,  in 
which  a  is  an  elevated  tank  of  water  liaving  a  tiip  6  by 
which  the  rapidity  of  the  How  of  water  may  be  regulated. 
The  tube.^  c  should  be  as  long  as  the  height  of  the  room 

^  If  the  laboratory  is  connected  with  the  town  water- works  the 
tube  c  may  be  connected  with  the  service  pipe.     The  writer  has 
found  such  an  arrangement  very  convenient  for  practical  use. 
M 
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will  admit,  and  its  lower  end  should  dip  into  a  cup  of 
water  d.  To  the  end  of  the  branch-pipe  e  there  may  be 
connected,  by  means  of  india-rubber  tubing  h,  a  glass 
tube  leading  to  a  vessel  g,  from  which  air  is  to  be  ex- 
hausted. Water  falling 
freely  through  a  vertical  £-s=:=:3::^-H-==?:-5-r 
tube  exerts  no  lateral  pres-  zEEErH^E^ 
sure;  consequently  there  -zzrir-jr^^z^ir^z 
is  no  tendency  to  enter  ———-:~~.z::z 
the  branch  e.  As  the 
water  in  falling  increases  in  velocity,  it 
tends  to  separate,  leaving  between  the 
cylinders  of  water  vacuous  spaces.  The 
lower  end  of  the  j)ipe  c  being  immersed  in 
water,  air  cannot  enter  there  ;  but  the 
air  in  the  receiver  g  expands  and  rushes 
through  the  tube  e,  to  fill  these  vacua,  and 
thus  exhaustion  is  effected.  In  Sprengel's 
air-pump  mercury  is  substituted  for  water, 
and  air  is  reduced  by  it  to  less  than  one- 
millionth  its  usual  density. 


d 


§  100.  The  Condenser. —  In  the  ex- 
periment with  the  bottle  (Fig.  90),  air  was 
condensed  in  the  mouth  by  muscular  con- 
traction, and  forced  into  the  bottle.  An 
apparatus  A  (Fig.  95),  intended  to  condense 
air  in  a  closed  vessel,  is  called  a  condenser.  Fig.  94. 
Its  construction  is  like  that  of  the  barrel 
of  the  air-pump,  except  that  the  position  of  the  valves 
is  different.  (Compare  with  Fig.  89.)  What  differences 
do  you  notice  in  respect  to  the  valves  ?  What  happens 
to  the  valves  when  the  piston  in  the  condenser  is  forced 
down  ?  If  the  condenser  is  connected  with  a  closed 
,vessel  B,  how  much  air  is  forced  into  it  at  one  do-WTi 
stroke  ?  What  prevents  the  air  from  escaping  during 
an  up  stroke  ?    If,  after  air  is  condensed  in  B,  the  cylinder 
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C  were  connected  with  it  by  a  screw,  and  the  stop-cock 
t  suddenly  turned,  what  would  happen  to  the  bullet  s  ? 
What  name  would  you  give  to  such  an  apparatus  ? 

The  Postal  Telegraph  Department,  London,  employs  atmo- 
spheric pressure  in  forwarding  messages  to  its  central  office  from 
the  various  telegi-aph  stations  in  that  city.  Tubes  of  uniform 
size,  free  from  sudden  cm*vatures,  and  laid  under  ground,  con- 
nect the  branch  offices  with  headquarters.  Rolls  of  paper,  or 
letters  to  be  despatched,  are  deposited  in  a 
cylindrical  box  c  (Fig.  96),  which  fits  the  in- 
terior of  the  tube.  The  box  being  dropped  into 
the  end  of  the  tube  at  a,  and  the  air  being 
exhausted  from  the  tube  at  the  end  b,  by  means 
of  an  air-pump  worked  by  steam,  air  rushes  in 
at  a  and  pushes  the  box  through  the  tube  with 
a  force  of  several  pounds  for  every  square  inch 
of  the  end  of  the  box.  The  operation  is  still 
further  facilitated  by  the  aid  of  a  condensing- 
pump  worked  by  steam  at  the  end  a. 


§  101.   The  Siphon. — A  siphon  is  an  .. 

instrument  used  for  transferring  a  liquid  /^sf 
from  one  vessel  to  another  through  the 
agency  of  atmospheric  pressure.  It  consists 
of  a  tube  of  any  material  (india-rubber  is 
often  most  convenient  for  purposes  of  illus-  pjg  95^ 
tration),  bent  into  a  shape  somewhat  like 
an  inverted  U.  To  set  it  in  operation,  fill  the  tube  with 
a  liquid,  stop  each  end  with  a  finger  or  cork,  insert  one 
end  in  the  liquid  to  be  transferred,  bring  the  other  end 
below  the  level  of  the  surface  of  this  liquid,  and  remove 
the  stoppers.  "What  are  the  forces  acting  on  the  water  in 
the  siphon  A  (Fig.  97)  1  What  forces  tend  to  move  the 
water  from  the  tall  jar  to  the  short  one  ?  What  forces 
tend  to  move  the  water  the  other  way  ?  By  how  much 
does  the  one  set  of  forces  exceed  the  other  ?  When  will 
the  water  cease  to  flow?  Make  a  siphon  by  bending  a 
glass  tube,  and,  by  means  of  two  tall  jars  or  bottlea, 
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experiment  with  it  as  in  B  and  C.     State  and  explain  the 
results  of  your  experiments. 

The  remaining  diagrams  in  this  cut  represent  some  of 
the  great  variety  of  uses  to  which  the  siphon  may  be  put. 
D,  E,  and  F  are  different  forms  of  siphon  fountains.  In 
D,  the  siphon  tube  is  filled  by  blowing  in  the  tube  /. 
Explain  the  remainder  of  the  operation.  A  siphon  of  the 
form  G  is  always  ready  for  use.  It  is  only  necessary  to 
dip  one  end  into  the  liquid  to  be  transferred.  Why  does 
the  liquid  not  flow  out  of  this  tube  in  its  j)resent  con- 


Fig.  96. 

dition  ?  H  illustrates  the  method  by  which  a  dense 
liquid  may  be  removed  from  beneath  a  less  dense  liquid. 
By  means  of  a  siphon  a  liquid  may  be  removed  from  a 
vessel  in  a  clear  state,  without  disturbing  sediment  at  the 
bottom.  I  is  a  Tantalus  cup.  A  liquid  will  not  flow 
from  this  cup  till  the  top  of  the  bend  of  the  tube  is 
covered.  It  will  then  continue  to  flow  as  long  as  the  end 
of  the  tube  is  in  the  liquid.  The  siphon  J  may  be  filled 
with  a  liquid  that  is  not  safe  or  pleasant  to  handle,  by 
placing  the  end  j  in  the  liquid,  stopping  the  end  kj  and 
sucking  the  air  out  at  the  end  I  till  the  lower  end  is 
filled  with  the  liquid. 
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Gases  denser  than  air  may  be  siphoned  like  liquids. 
Vessel  0  contains  carbonic-acid  gas.  As  tlie  gas  is  siphoned 
into  the  vessel  p,  it  extinguishes  a  candle-flame.  Gases 
less  dense  than  air  are  siphoned  by  inverting  botli  the 
vessels  and  the  siphon. 


Fig.  97. 


QUESTIONS 

1 .  What  is  the  greatest  height  to  which  the  bend  r  (iu  A, 
Fig.  97)  can  be  carried,  and  allow  water  to  flow  ? 

2.  What  would  be  the  greatest  height  if  mercury  were  uswl ! 

3.  Suppose  the  bend  r  is  IS*"  above  the  surface  of  the  liquid 
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in  the  tall  jar  ;  what,  theoretically,  ought  to  happen  when  the 
end  h  is  unstojjped  ? 

4.  What  would  happen  if  the  long  arm  were  cut  oif  at  <;  ? 

5.  What  would  happen  if  it  were  cut  off  between  c  and  a  ? 

6.  What  would  happen  if  the  siphon  were  lifted  out  of  the 
liquid  ? 

7.  What  would  be  the  effect  of  lengthening  the  long  arm  ? 

8.  Must  the  two  arms  of  a  siphon  be  of  unequal  length  ? 

9.  How  far  can  a  liquid  be  earned  by  a  siphon  ? 

10.  Will  a  siphon  work  in  a  vacuum  ? 

11.  Imagine  that  some  such  condition  of  things  as  is  repre- 
sented by  the  apparatus  K  (Fig.  97)  exists  in  the  earth,  and 
that  the  siphon  a  has  a  smaller  bore  than  the  siphon  c  ;  can 
you  account  for  intermittent  springs  which  flow  and  cease  to 
flow  at  nearly  equal  intervals  of  time  ? 

12.  If  the  siphon  A  were  carried  to  the  top  of  a  mountain, 
would  the  water  run  through  it  more  rapidly  or  less  rapidly, 
or  at  the  same  rate  ?     Your  reason  for  your  answer. 

§  102.    Apparatus  for  raising  Liquids. —  The 

siphon  can  be  used  only  for  transferring  liquids  over 
heights  to  a  lower  level.     Atmosphere  pressure  is  not  a 
store  of  energy  which  may  be  utilised  in  raising  liquids. 
If  the  piston  a  of  a  syringe  (Fig.  98)  is  raised, 
pressure  is  thereby  removed  from  the  air 
below   it,  and  thus  the  pressure  on  the  top 
of  the  column  of  water  in  the  syringe  is 
reduced.     As  this  water,  before  the  reduc- 
tion in  the  pressure    tending   to    force    it 
downwards,  was  at  rest,  it  will  now  rise 
until  the  forces  acting  upon   it   are    once 
more   in    equilibrium  ;    but    to    raise    the 
Fig.  98.  piston,    against    the    atmospheric    pressure 

tending  to  force  it  downwards,  requires  as 
much  muscular  energy  as  would  be  required  to  raise  the 
same  quantity  of  water  to  the  same  height  as  that  to  which 
it  is  raised  in  the  syringe. 

The  common  lifting -;pum'p  is  constructed  like  the  barrel 
of  an  air-pump.     Fig.  99  represents  the  piston  in  the 


DYNAMICS 


167 


act  of  rising.  As  the  piston  is  raised,  downward  pres- 
sure is  removed  from  the  water  below  it,  and  this 
water  rises  and  opens  the  lower  valve  in  consequence  of 
the  pressure  on  its  base  due  to  the  atmospheric  pressure 
on  the  surface  of  the  water  outside  the 
pump.  The  weight  of  the  water  above  the 
piston  closes  the  upper  valve,  and  this 
water  is  discharged  from  the  spout.  When 
the  piston  is  pressed  down,  the  lower 
valve  closes,  the  upper  valve  opens,  and 
the  w^ater  between  the  bottom  of  the 
barrel  and  the  piston  passes  through  the 
upper  valve  above  the  piston.  How  high 
may  the  bottom  of  the  barrel  be  aboVe 
the  surface  of  the  liquid,  if  the  liquid  to 
be  pumped  is  water  ?  How  high  if  it  is 
mercury  ? 

The  liquid  is  sometimes  said  to  be 
raised  in  a  lifting-pump  by  the  "  force  of 
suction."     Is  there  such  a  force  ? 


Fig.  99. 


Experiment. — Bend  a  glass  tube  into  a  U  shape,  with 
unequal  arms,  as  in  Fig.  100.  Fill  the  tube  with  a  liquid  to 
the  level  cb.  Close  the  end  b  with  a  finger, 
and  try  to  suck  the  liquid  out  of  tlie  tube. 
Remove  the  finger  from  b  and  try  again. 
What  is  your  conclusion  ? 


The  piston  of  a  force-pump  (Fig.  101) 
has  no  valve,  but  a  branch  pipe  leads  from 
the  lower  part  of  the  barrel  to  an  air-con- 
densing chamber  a,  at  the  bottom  of  which 
is  a  valve  c,  opening  upwards.  As  the 
Fig.  100.  piston  is  raised,  water  is  forced  up  through 

the  valve  d,  while  water  in  a  is  prevented 
from  returning  by  the  valve  c.  When  the  piston  is 
forced  down,  the  valve  d  closes,  the  valve  c  opens,  and 
water  is  forced  into  the  chamber  a,  condensing  the  air 
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above   the   water.       Tlie  elasticity  of  the  condensed  air 
forces  the  water  out  of  the  hose  &  in  a  continuous  stream. 


§  103.  Buoyant  Force  of  Fluids. — Experiment  1. 
-Gradually  lower  a  large  stone,  by  a  string  tied  to  it,  into 
a  bucket  of  water,  and  notice  the 
change  in  the  muscular  effort  neces- 
sary to  support  it  as  it  becomes  sub- 
merged. Susjiend  the  stone  from  a 
spring-balance,  weigh  it  in  air,  and 
then  in  Avater,  and  ascertain  its  loss 
of  weight  in  the  latter.  Repeat  the 
experiment  with  pieces  of  iron,  wood, 
and  other  substances.  Inflate  a 
bladder,  and  force  it  beneath  a  sur- 
face of  water. 

In    all    these    experiments    it 
seems  as  if  something  in  the  fluid, 
underneath     the     articles      sub- 
Fig.  101.  merged,  were  pressing  up  against 
them.     This  lifting-force  is  called 
the  buoyant  force  of  fluids.     Every  body  immersed  appears 
to  lose  part  of  its  weight ;  some  bodies  appear  to  lose  all 
their  weight.     Is  any  weight  lost  ? 

Experiment  2. — Place  a  beaker  of 
water  on  a  scale-pan  of  a  balance-beam, 
and  weigh.  Weigh  a  stone  first  in 
the  air,  then  in  water,  and  ascertain 
the  apparent  loss  of  weight.  Then 
suspend  the  stone  from  a  support  (Fig. 
102),  and  weigh  the  beaker  of  water 
with  the  stone  immersed.  How  much 
more  do  the  beaker  and  its  contents 
now  weigh  than  before  ?  Compare  this 
gain  with  the  aj^parent  loss  of  weight 
of  the  stone  in  water.  Is  any  weight 
really  lost  ?     Repeat  the  experiment  with  a  block  of  wood. 

Experiment  3. — Make  a  saturated  solution  of  salt  in  water. 
"Weigh  the  same  stone   in   air,   in  fresh  water,   and  in  salt 


Fig.  102. 
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water.  Compare  its  apparent  loss  of  weight  in  salt  water  with 
that  in  fresh  water.  Can  yon  account  for  the  difference  ? 
Throw  a  piece  of  iron  iiito  mercury.  Fill  a  vessel  with  car- 
bonic-acid gas;  blow  a  soap  bubble,  and  drop  it  into  the 
vessel.  It  appears  that  some  fluids  have  greater  buoyant  force 
than  others.  The  water  of  the  Dead  Sea,  in  Palestine,  is  so 
salt  that  a  person  does  not  sink  in  it.     Can  you  see  the  reason  ? 

By  considering  what  we  have  already  learned  about 
fluid  pressure,  it  is  easy  to  see  why  a  body  is  buoyed  up 
by  a  fluid.  We  have  learned  that  the  pressure  increases 
with  the  depth,  and  hence  can  see  that  the  upward  pres- 
sure of  the  surrounding  fluid  on  a  submerged  body  must 
be  greater  than  the  downward  pressure.  Let  us  ascertain 
the  resultant  pressure  of  a  fluid  upon  a  body  submerged 
in  it 

Experiment  4. — Fill  the  vessel  A  (Fig.  103)  till  the  liquid 
overflows  at  E.     After  the  overflow  ceases,  place  a  vessel  0 


Fig.  103. 

under  the  nozzle.  Susjiend  a  stone  from  the  balance-beam  B, 
and  weigh  it  in  air,  and  then  carefully  lower  it  into  the 
liquid,  when  some  of  the  liquid  will  flow  into  the  vessel  C. 
Weigh   the   liquid   in  C,  and  conq>are  its  weight  with  the 
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apparent  loss  of  weight  of  the  stone  when  weighed  in  this 
liquid. 

Experiment  5. — Next  suspend  a  block  of  wood  that  will 
float  in  the  liquid,  and  weigh  it  in  air.  Then  float  it  ujion 
the  liquid,  and  weigh  the  liquid  displaced  as  before,  and  com- 
pare this  weight  with  the  weight  of  the  block  of  wood. 

Experiment  6. — Next,  partially  fill  with  water  a  glass 
(Fig.  104)  graduated  in  cubic  centimetres  and  fractions  of  the 

same.     Note  the  level  of  the 


Fig.  104. 


water.  Drop  one  of  the 
solids  into  the  water,  and 
note  again  the  level  of  the 
water.  The  difference  be- 
tween the  two  levels  is  the 
number  of  cubic  centimetres 
of  water  that  the  solid  dis- 
places. But  one  cubic  centi- 
metre of  water  weighs  one 
gramme.  How  does  the 
number  of  cubic  centimetres 


of  water  displaced  compare  with  the  number  of  gi-ammes 
the  solid  apparently  loses  in  weight  when  Aveighed  in 
water  ? 


From  your  observations  in  connection  with  these 
experiments  prepare  a  statement  of  the  law  regarding  the 
buoyant  force  of  fluids. 

It  has  been  stated  that  the  density  of  the  atmosphere 
is  greatest  at  the  surface  of  the  earth.  A  body  free  to 
move  cannot  remain  at  rest  while  it  displaces  more  than 
its  own  w^eight  of  a  fluid  ;  therefore  a  balloon,  wdiich  is 
a  large  bag  filled  w^th  a  gas  having  about  one-fourteenth 
the  density  of  air  at  the  sea-level,  will  rise  till  the  balloon, 
plus  the  weight  of  the  car  and  cargo,  equals  the  weight  of 
the  air  displaced.  The  aeronaut,  wishing  to  ascend  still 
higher,  throws  out  a  portion  of  his  cargo  ;  wishing  to 
descend,  he  allows  some  of  the  gas  to  escape  at  the  top 
of  the  balloon  by  means  of  a  valve,  which  he  controls 
by  means  of  a  cord  passing  through  the  balloon  to 
the  car. 
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QUESTIONS 

1.  AVhy  is  it  difficult  to  stand  in  ninning  water  reaching 
the  neck  ? 

2.  Why  can  a  person  raise  a  stone  under  water,  which  he 
cannot  lift  when  out  of  water  ? 

3.  A  piece  of  cork  weighs  508  j  what  weight  of  water  does 
it  displace  when  floating  ? 

4.  What  weight  of  mercury  will  a  piece  of  iron  weighing 
5008  displace  when  floating  ? 

§  104.  Density. — We  speak  of  a  piece  of  cork  as 
being  heavier  than  a  nail,  at  the  same  time  that  we  speak 
of  cork  as  light  and  iron  as  heavy.  This  seeming  contra- 
diction is  accounted  for  by  the  different  meanings  which 
we  attach  to  the  terms  light  and  heavij.  In  both  cases, 
light  and  heavy  are  used  as  terms  of  comparison.  In  the 
former  instance,  we  compare  the  weights  of  the  two  par- 
ticular bodies,  without  reference  to  volume  ;  in  the  latter, 
we  call  cork  light  and  iron  heavy,  having  no  particular 
bodies  in  view,  but  because  we  know  by  experience  that 
cork  is  not  so  dense  as  iron,  i.e.  a  given  volume  of  cork 
weighs  less  than  an  equal  volume  of  iron.  The  terra 
weight  refers  simply  to  the  number  of  grammes,  kilo- 
grammes, etc.,  that  a  particular  body  weighs,  without 
reference  to  the  material  or  the  volume.  The  density  of 
a  body  can  be  stated  only  by  expressing  (or  understand- 
ing) two  quantities,  viz.  mass  and  volume.  For  example, 
suppose  that  a  block  of  wood  measures  2x10x20°" 
and  has  a  mass  of  {i.e.  weighs)  300* ;  its  density  is  then 
2^n^^  =  tSS  =  ^'75  gramme  per  cubic  centimetre. 
When  we  speak  of  cork  as  lighter  than  iron,  it  is  evident 
that  we  are  comparing  the  densities  of  these  two  substances. 

§  105.  Specific  Gravity. — TJi^  specific  gravity  of  a 
substance  is  the  ratio  of  the  density  of  that  substance  to  tht 
density  of  another  substance  assumed  as  a  standard  ;  in  other 
words,  it  is  the  ratio  of  the  weight  of  any  volume  of  that 
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substance  to  the  weight  of  the  same  volume  of  another  sub- 
stance which  is  taken  as  a  standard. 

To  facilitate  comparison  of  densities,  uniform  standards 
are  adopted.  Distilled  water  at  its  maximum  density,  at 
4°  C,  is  the  standard  of  specific  gravity  for  all  solids  and 
liquids.  Inasmuch  as  one  cubic  centimetre  of  water 
weighs  one  gramme,  when  the  weight  of  one  cubic  centi- 
metre of  any  substance  is  given  in  grammes,  i.e.  when  its 
density  is  given  in  its  usual  metric  units,  the  same 
number  also  expresses  its  specific  gravity.  Thus,  one 
cubic  centimetre  of  water  weighs  one  gramme,  and  1  is 
the  specific  gravity  of  water.  The  density  of  silver  is 
10 '5  3^  per  cubic  centimetre,  and  the  specific  gravity  of 
silver  is  10*53.  The  standard  for  gases  is  air^  at  the 
average  sea-level  density,  and  at  a  temperature  of  0°  C. 
The  weight  of  one  cubic  centimetre  of  air,  under  these 
conditions,  is  O'OO  12932^,  or  about  ^ts  ^^  *^®  weight  of 
one  cubic  centimetre  of  water. 

Let  G  =  the  specific  gravity  of  a  substance  ;  D  =  its 
density  in  grammes  per  cubic  centimetre  ;  V  =  the  volume 
of  a  given  mass  of  it  in  cubic  centimetres ;  W  =  the  weight 
of  the  given  mass  in  grammes;  W  =  the  weight  in  grammes 
of   an  equal  volume  of   the    standard    (water).       Then, 

AV  W 

as  shown  above,  D  =  — ,  and,  by  definition,  G  =  — ,.    G 
V  W 

is  numerically  equal  to  D,  and  W  to  V. 

Since  the  loss  of  weight  of  a  solid   immersed  in  a 

liquid  is  just  the  weight  of  an  equal  volume  of  that 

liquid,  it  is  e^ddent  that,  if  we  divide  the  weight  of  a  solid 

in  air  by  its  loss  in  weight  when  immersed  in  water^  the 

quotient  is  its  specific  gravity. 

Experiment  1.— Obtain  small  lumps  of  glass,  iron,  lead, 
marble,  granite,  etc.,  and  weigh  each  in  air.  Partly -fill  with 
water  a  measuring-beaker  graduated  in  cubic  centimetres,  and 
note  the  level  of  the  water.     Drop  a  lump  into  the  water,  and 

^  Some  chemists  adopt  hydrogen  gas  as  a  standard  for  gases. 
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note  the  level  again.     The  rise  of  water,  as  indicated  by  the 

graduated  scale,  gives  the  volume  (V)  of  the  specimen.     With 

these    data   find    the    density   (D),    employing    the    formula 

W 
D  =  —'   Next  weigh  each  of  these  lumps  submerged  in  water, 

and  find  its  loss  in  weight ;   and,   from  the  data  obtained, 

W 
ascertain  G  from  the  formula  G  =  4^/     Prepare  blanks,  and 


W 


tabulate  your  results  thus  :- 


Name  of 
Substance. 

W 

V 
ccm 

D 
orG 

e 

W 
435 

Win 

water. 

g 

W 

g 

G 
orD 

« 

1 
Av. 

3^29 

e 

Flint  glass 

435 

134 

3-24 

•09- 

305 

130 

3-34 

•01  + 

•04- 

When  the  result  obtained  differs  from  that  given  in  the 
table  of  specific  gravities  the  difference  is  recorded  in  the 
column  of  errors  (e).  When  the  former  is  greater  than  the 
latter,  it  is  indicated  by  a  plus  sign  affixed  to  the  number  ; 
when  less,  by  the  minus  sign.  The  results  recorded  in  the 
column  of  errors  are  not  necessarily  real  errors  ;  they  may 
indicate  the  degree  of  impurity,  or  some  peculiar  physical  con- 
dition, of  the  specimen  tested. 

Experiment  2. — Obtain  good  specimens  of  cork,  oak,  elm, 
and  poplar  woods,  all  of  which  float  on  water.  Tie  to  a 
specimen  a  piece  of  lead  heavy  enough  to  sink  it.     Weigh  the 
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two  in  air  and  in  water.     The  difference  is  the  weight   of 

water  displaced  by  them.     In  the  same  way  find  the  weight 

of  water  displaced  by  the  lead  alone.     Subtract  the  weight  of 

water  displaced  by  the  lead  from  the  weight  of  water  displaced 

by  the  two,  and  the  remainder  is  the  weight  of  water  displaced 

W 
by  the  specimen.     Then  apply  the  formula  G  =  — . 

Example. — Find  the  specific  gravity  of  a  piece  of  elm  wood. 
Attach  to  it  a  piece  of  lead  weighing  (say)  40^. 

The  combined  solids  displace  .         .         .   28 '58' of  water 
The  lead  displaces .         .         .         .         .3*58  ,, 

The  elm  displaces 25 -0^  ,, 

The  elm  weighs  in  air    .         .         .  .   20-Os  ,, 

The  specific  gravity  of  elm  wood  is  .         .   20*0-i-25  =  '8 

Experiment  3. — Find  the  specific  gravity  of  alcohol,  a 
saturated  solution  of  common  salt,  sea-water,  naphtha,  olive- 
oil,  pure  milk,  and  mercury  in  the  following  manner  :  ascertain 
the  loss  in  weight  of  a  sinker  in  each  one  of  these  liquids,  also 

W 

in  water,  and  then  apply  the  formula  G  =  —,-     Here    W    and 

W  represent  the  loss  of  weight  of  the  sinker  in  the  liquid  and 
in  water  respectively. 

Example. — Compute  the  specific  gravity  of  alcohol  from 
the  following  data  : — 

A  piece  of  marble  weighs  in  air         .         .56*808 

The  same  weighs  in  water        .         .         .36-808 

Loss  in  water 20*008 

56-808 

The  marble  weighs  in  alcohol  .         ,         .40-968 

Loss  in  alcohol  .         .  .  .         .15-848 

Since  208  and  15 -848  are  the  weights  respectively  of  equal 

W 
volumes  of  water  and  alcohol,  and  since  G  =  ,-rr,,  then  ia:.!* 

'  W  '   2  0 

=  "792,  the  specific  gravity  of  alcohol. 

§106.  Hydrometers. — Experiment. — Take  a  uni- 
form rod  of  light  wood  about  a  foot  long,  and  mark  off"  on  it  a 
scale  of  equal  parts.     A  convenient  size  is  ^  inch  square,  and  a 


I 
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suitable  scale  is  inches  and  half  inches.     Coat  the  rod  with 

paraffin   to  prevent  its  absorbing  water  and  swelling.     Bore 

into  the  end  marked  zero  a  hole  about  2  inches  deep,  and 

drive  in  leaden  shot  till  the  rod  will  sink  in  water  (Fig.  105)  just 

to  some  inch-mark,  and  stop  the  end  ^vith  paraffin. 

If  it  sinks  too  deep,  cut  off  the  upper  end  of  the  rod. 

Suppose  the  rod  sinks  8  inches  in  water  ;  then,  if 

it  is  ^  inch  square,  it  displaces  2  cu.   in.   of  water. 

The  weight  of  the  water  displaced  must  just  equal 

the  weight  of  the  rod  (see  §  103).     Now  immerse 

it  in  alcohol ;  it  sinks  deeper,  say  to  the  10-inch 

mark  ;  that  is,  ^  cu.  in.  of  alcohol  weigh  the  same 

V      8 
as  f  cu.  in.  of  water  ;  therefore,  G  =  r^=:r7:=  "800. 


8 


10 
•20. 


If  in  brine  it  sinks  only  6f  in. ,  G  =      =  1 

Apparatus  like  that  described  is  called  a  hydro- 
Tiieter.  Instead  of  a  rod  of  wood,  a  glass  tube  is 
generally  used,  terminating  in  a  bulb  containing 
shot  or  mercury.  The  tube  contains  a  scale  with 
numbers  coiTesponding,  which  express  the  sjiecific 
gi'avity,  so  that  no  computation  is  necessary.  Make 
solutions  of  various  substances,  and  test  their 
specific  gi'avity  with  your  hydrometer,  and  test  the 
accuracy  of  the  results  so  obtained  by  other  pro- 


105. 


A  hydrometer,  called  Nicholson's,  can  be  readily  made 
by  any  tinman.  It  consists  (Fig.  106)  of  a  cylindrical 
float,  to  the  top  of  this  is  attached  a  stout  wire  that  sup- 
ports a  plate  upon  which  the  weights  and  the  body  to  be 
weighed  can  be  placed.  At  the  other  extremity  of  the 
float  is  attached  a  little  scale-pan  in  which  the  body  can 
be  immersed  in  the  liquid.  The  float  is  weighted  at  </, 
so  that  it  floats  upright. 

The  body  is  first  placed  upon  the  plate  with  additional 
weights  in  order  to  sink  the  hydrometer  to  a  fixed  mark 
c  upon  the  stem.  The  body  is  then  removed,  and  the  in- 
crease of  weight  necessary  to  again  sink  the  hydrometer 
to  the  same  mark  will  give  the  weight  of  the  body  in  air. 
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The  latter  is  then  placed  in  the  lower  scale-pan.     The 

weights  in  the  upper  plate,  or  pan,  necessary  to  sink  the 

hydrometer  to  the  point  c,  will  be  greater  than  when  the 

body  was  placed  in  the  upper  pan,  by  the  weight  of  this 

liquid    displaced  by  the  body.     It  will 

«  thus  be  seen- that  this  instrument  may  be 

used  to  find  the  specific  gravity  of  solids. 

How  would  you  use    it  to    find  the 

specific  gravity  of  liquids  1 

The  most  direct  way  of  finding  the 

specific  gravity  of  liquids  and  gases  is  by 

employing    vessels     that    hold    definite 

weights  of  the  two  standards,  water  or 

air,  and  then  weighing  these  vessels  when 

filled  with  other  liquids  or  gases  ;  and, 

after  deducting  the  weight  of  the  vessel, 

W 
applying  the  formula,  G  =  :r^  • 

The  specific  gravity  of  a  solid  that  is 
dissolved  by  water  may  be  found  by 
weighing  it  in  a  liquid  that  will  not 
dissolve  it  {e.g.  rock-salt  in  naphtha) ; 
and,  having  found  its  specific  gravity  as  compared  with 
the  liquid  used,  multiply  this  result  by  the  specific 
gravity  of  the  liquid. 

W  W 

From  the  formula  D  =  -—-,  we  have  V  =  -  - ;  hence, 

the  volume  of  an  irregular  -sha'ped  body  may  he  found  in 
cubic  centimetres  by  dividing  its  weight  in  grammes  by  its 
density. 


Fig.  106. 


W 
Again,  from  the  formula  D  =  — ,  we  have  W 


VxD. 


Hence,  when  the  volume  and  density  of  a  body  are  knoum, 
its  weight  in  grammes  may  be  found  by  multiplying  its  volume 
in  cubic  centimetres  by  its  density. 
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QUESTIONS   AND    PROBLEMS 


1.  How  high  can  sulphuric  acid  be  raised  by  suction  ? 

2.  What  is  the  weight  of  50^  of  water  in  water  ? 

3.  Find  the  specific  gravity  of  wax  from  the  following  data  : 
weight  of  a  given  mass  of  wax  in  air  is  80«  ;  wax  and  sinker 
displace  102-88**™  of  Avater  ;  sinker  alone  displaces  14'^*^. 

4.  "Why  does  a  light  liquid  {e.g.  oil),  introduced  under  a 
denser  liquid  [e.g.  Avater),  rise  ? 

5.  Glass  is  about  three  times  denser  than  water  ;  how,  then, 
can  a  glass  tumbler  float  in  water  ? 

6.  How  can  u*on  vessels  float  in  water  ? 

7.  A  block  of  ice  containing  500"=™  is  floating  on  water  ; 
how  many  cubic  centimetres  are  out  of  water  ? 

8.  Will  ice  float  or  sink  in  alcohol  ? 

9.  How  much  more  matter  is  there  in  500**™  of  sea-water 
than  in  the  same  volume  of  fresh  water  ? 

10.  In  50^  of  gold  how  many  cubic  centimetres  ? 

11.  What  is  the  density  of  gold  ? 

12.  What  is  the  density  of  cork  ? 

13.  What  is  the  density  of  air  at  ordinary  pressure,  and  at 
a  temperature  of  0°  C.  ? 

14.  An  irregular  piece  of  marble  loses  53^  when  weighed  in 
water.     How  many  cubic  centimetres  does  it  contain  ? 

1 5.  When  will  a  body  sink,  and  when  float  ? 

1 6.  How  many  cubic  centimetres  of  air  at  the  sea-level  does 
it  take  to  weigh  as  much  as  1*=*^  of  water  ? 

1 7.  How  much  will  I''  of  copper  weigh  in  water  ? 

18.  What  does  a  piece  of  lead  20  x  10  x  5*-™  weigh  ? 

19.  What  will  it  weigh  in  water  ? 

20.  What  will  it  weigh  in  mercury  ? 

21.  What  becomes  of  the  weight  that  is  lost  ? 

22.  If  158  of  salt  be  dissolved  in  1^  of  water,  without 
increasing  the  volume  of  the  liquid,  what  will  be  the  specific 
gravity  of  the  solution  ? 

23.  A  mass  of  lead  weighs  1^^  in  air.  What  will  it  weigh 
in  a  vacuum  ? 

24.  A  mass  whose  weight  in  air  is  30»,  weighs  in  water  26», 
and  in  another  liquid  27*.  What  is  the  specific  gravity  of 
the  other  liquid  ? 

25.  A  silver  spoon,  weighing  150«,  is  supported  by  a  string 

N 
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in  water.     What  part  of  the  weight  is  sustained  by  the  string, 
and  what  part  is  supported  by  the  water  ? 

26.  A  boat  displaces  25"=^™  of  water.  How  much  does  it 
Aveigh  ? 

27.  If  50^  of  stone  were  placed  in  the  boat,  how  much 
water  would  it  displace  ? 

28.  If  the  boat  is  capable  of  displacing  100'=^™  of  water, 
what  weight  must  be  placed  in  it  to  sink  it  ? 

29.  An  empty  glass  globe  weighs  100^;  full  of  air  it  weighs 
102 -42  ;  full  of  chlorine  gas,  it  weighs  105 -928^.  What  is  the 
specific  gravity  of  chlorine  gas  ? 

30.  W^hat  weight  of  alcohol  can  be  put  into  a  vessel  whose 
capacity  is  IM 

31.  You  wish  to  measure  out  50^  of  sulphuric  acid.  To 
what  number  on  a  beaker  graduated  in  cubic  centimetres  will 
that  correspond  ? 

32.  State  how  you  would  measure  out  80^  of  nitric  acid 
in  a  measuring-beaker. 

33.  A  measuring-beaker  contains  35''°""  of  naphtha.  What 
is  the  weight  of  the  naphtha  ? 

34.  A  lead  pipe  is  used  to  convey  water  20'"  below  the  sur- 
face of  the  reservoir.  What  bursting-force  j^er  square  centimetre 
must  it  be  capable  of  sustaining  ? 

35.  A  cubical  vessel,  each  of  whose  sides  contains  2500'*'™, 
is  filled  with  water.     W^hat  pressure  does  its  bottom  sustain  ? 

36.  A  solid  floats  partly  submerged  in  a  liquid  when  the 
vessel  which  contains  it  is  in  the  air  ;  if  the  vessel  is  placed  in 
a  vacuum,  will  the  solid  sink,  rise,  or  remain  stationary  ?    Why  ? 


CHAPTER   IV 


HEAT 


§  107.  Introductory  Experiments. — Experiment  l. 
— Heat  a  brass  or  an  iron  ball  to  a  high  temperature  in  the 
flame  of  a  spirit  lamp  or  in  a  gas  flame,  and  drop  it  into  a 
beaker  of  cold  water.  After  a  minute  take  it  out.  What 
change  has  taken  place  in  the  temperature  of  the  ball  in  con- 
sequence of  its  contact  with  the  water  ?  What  change  has 
taken  place  in  the  temperature  of  the 
water  ?  Repeat  the  experiment,  be- 
ginning with  hot  water  and  a  cold  ball, 
and  observe  the  changes  of  temperature 
arising  from  contact  between  the  water 
and  the  ball. 

State  a  general  conclusion  which  you 
draw  from  this  and  other  similar  ex- 
periments. 

Experiment  2. — Drive  two  nails 
firmly  into  a  board  about  six  inches 
apart,  and  cut  off"  a  piece  of  stiff  copper 
wire  of  such  a  length  that  it  will  just 
pass  between  the  two  nails.  Heat  this 
wire  in  the  flame  of  your  spirit  lamp 
and  try  to  pass  it  between  the  two 
nails.  What  change  do  you  find  in  the 
length  of  the  wire  ?  Cool  the  wire  and 
try  again.      What  do  you  now  find  ? 

Experiment  3.— Fit  a  stopper  tightly  in  the  neck  of  a 
glass  flask,  and  through  the  stopper  pass  a  glass  tube  a  few 


Fig.  107. 
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inches  long.  Place  this  apparatus  in  a  jar  of  water,  as  repre- 
sented in  Fig.  107,  and  apply  heat  to  the  flask.  What  takes 
place  ?  Allow  the  flask  to  cool,  and  observe  the  result.  What 
does  the  experiment  prove  ? 

Experiment  4.  — Fill  the  same  flask  with  water,  and  insert 
the  stopper  and  the  tube  so  that  the  water  will  stand  in  the 
tube  an  inch  or  two  above  the  neck  of  the  flask.  Apply  heat 
to  the  flask,  and  watch  the  water  in  the  tube.  What  is  the 
result  ?     Cool  the  flask,  and  what  do  you  see  ? 

.  What  general  conclusion  do  you  draw  from  Experi- 
ments 2,  3,  and  4? 

Experiment  5. — Carefully  weigh  the  metal  ball  of  Experi- 
ment 1,  and,  after  heating  it,  weigh  it  again.     How  does  its 
weight  when  hot  compare  with   its   weight 
when  cold  ? 

Experiment  6. — Hold  some  small  steel 
tool  upon  a  rapidly  revolving  dry  giindstone. 
Place  a  tenpenny  nail  upon  a  stone  and 
hammer  it  briskly.  Rub  a  desk  with  your 
fist,  and  your  coat-sleeve  with  a  metallic 
button.  What  changes  of  temperature  do 
you  observe  ?  In  this  experiment  do  you 
find  that  while  one  body  is  warmed  another 
body  is  cooled,  or  do  you  find  that  one  body 
is  warmed  without  another  body's  becoming 
colder  ?  If  heat  aj)pears  in  one  body  without 
heat  disappearing  in  another  body,  what  can 
be  the  source  of  this  heat  ?  What  does  dis- 
appear in  this  case  ?  Is  any  more  energy 
required  to  drive  the  grindstone  when  the 
steel  tool  is  held  on  it  than  when  it  is  not  ? 

Experiment  7. — Take  a  thin  glass  flask 
A  (Fig.  108)  and  half  fill  it  with  water  ;  fit 
a  cork  air-tight  ^  in  its  neck.  Perforate  the 
cork,  insert  a  glass  tube,  bent  as  indicated  in 
the  figure,  and  extend  it  into  the  water. 
Apply  heat  to  the  flask.     What  is  the  result  ? 

In  this  experiment  work  is  done  by  means  of  heat, 

^  A  good  way  to  make  a  cork  air-tight  is  to  soak  it  in  melted 
paraffiue. 


Fig.  108. 
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The  water  is  lifted  against  the  force  of  gravity.  Do  you 
observe  any  connection  between  this  and  the  preceding 
experiment  ?  Here  visible  motion  is  produced  from  heat. 
How  was  it  in  Experiment  6  ?  We  cannot  teU  with  this 
apparatus  whether,  when  the  heat  does  work,  any  heat 
disappears  or  not.  To  answer  this  question  make  the 
next  experiment. 

Experiment  8.— By  means  of  a  condenser  (§  100)  force  air 
into  a  receiver  and  close  the  stop-cock.  Set  the  receiver  aside 
imtil  it  and  the  contained  air  reach  the  same  temperature  as  the 
air  of  the  room.  Now  open  the  stop-cock,  and  allow  the  air  as 
it  rushes  out  to  strike  against  the  glass  flask  of  the  apparatus 
of  Experiment  3.  Is  there  any  indication  that  this  air  has  now 
a  temperature  different  from  that  of  the  air  of  the  room  ?  As 
this  air  rushes  out,  work  is  done  in  pushing  back  the  air  of  the 
room.  Motion  is  produced  against  resistance  (against  the 
pressure  of  the  suiTOimding  air).  What  can  be  the  energy 
expended  in  doing  this  work  ?  What  disappears  as  this  work 
is  done  ?     Does  the  experiment  show  that  any  heat  disappears  ? 

Experiment  9. — HaK  fill  a  small  glass  beaker  with  frag- 
ments of  ice  or  with  snow,  and  set  the  beaker  into  a  basin  of 
boiling  hot  water,  in  which  a  thermometer  is  also  placed.  Stir 
the  contents  of  the  beaker  with  another  thermometer  until  the 
ice  is  all  melted.  Carefully  observe  during  this  experiment 
the  temperature  of  the  contents  of  the  beaker,  and  also  the 
temperatiue  of  the  water  in  the  basin.  Do  you  find  that 
while  the  ice  is  melting  any  change  takes  place  in  the  tempera- 
ture of  the  contents  of  the  beaker  ?  Does  any  change  take 
place  in  the  temperatiue  of  the  contents  of  the  beaker  after  the 
ice  is  all  melted  ?  Does  any  change  take  place  in  the  tempera- 
ture of  the  water  in  the  basin  (a)  while  the  ice  is  melting ; 
(b)  after  the  ice  is  all  melted  ?  Do  you  infer  from  this  experi- 
ment that  heai  is  required  to  change  ice  into  water  1 

Experiment  10. — Take  a  glass  test-tube  half  full  of  cold 
water,  and  pour  into  it  one-fourth  its  volume  of  sulphuric  acid. 
What  is  the  effect?  How  does  the  volume  of  the  mixture 
compare  with  the  sum  of  the  volumes  of  the  acid  and  the  water 
before  they  are  mixed  ? 

The  following  celebrated  experiment  was  first  made 
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by  Sir  Humphry  Davy,  and  is  described  by  him  in  his 
Essay  on  Heat,  Light,  and  Combinations  of  Light : — 

"  I  procured  two  parallel  op  ipedons  of  ice,  of  the  temperature 
of  29°,  6  inches  long,  2  wide,  and  f  of  an  inch  thick  ;  they 
were  fastened  by  wires  to  two  bars  of  iron.  By  a  peculiar 
mechanism  their  surfaces  were  placed  in  contact  and  kept  in  a 
continued  and  violent  friction  for  some  minutes.  They  were 
almost  entirely  converted  inlo  water,  which  water  was  collected, 
and  its  temperature  ascertained  to  be  35°  after  remaining  in  an 
atmosphere  of  a  lower  temperatm-e  for  some  minutes.  The 
fusion  took  place  only  at  the  place  of  contact  of  the  two  pieces 
of  ice,  and  no  bodies  were  in  friction  but  ice." 

In  the  study  of  this  experiment  the  following  condi- 
tions should  be  noted  : — 

1.  During  the  experiment  the  bodies  in  contact  with  the 
ice  were  at  a  temperature  loiver  than  that  at  which  ice  melts. 

2.  The  temperature  of  surrounding  bodies  was  not  loioered 
during  the  experiment. 

3.  Not  only  was  most  of  the  ice  melted  but  the  resulting 
water  was  warmed  to  35°,  notwithstanding  that  the  surround- 
ing atmosphere  was  at  a  lower  temperature. 

4.  No  bodies  were  in  friction  but  ice. 

5.  Mechanical  energy  was  expended  (work  was  done)  in 
rubbing  the  pieces  of  ice  together. 

Considering  this  experiment  in  connection  with 
Experiments  1  and  9,  what  answers  do  you  give  to  the 
following  questions  ? — 

1.  Did  the  ice  in  Davy's  experiment  receive  any  heat  taken 
from  surrounding  bodies  ? 

2.  Did  it  receive  any  heat  from  any  source  ? 

3.  If  it  did,  what  must  be  that  source  ? 

4.  Is  your  answer  to  Question  3  confirmed  by  the  results 
observed  in  Experiments  6,  7,  and  8  ? 

§  108.  Hypotheses  as  to  the  Nature  of  Heat. 
— From  the  da^vn  of  science  till  the  close  of  the  last 
century  two  rival  hypotheses  had  been  entertained  regard- 
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ing  the  nature  of  heat.  Each  accounted  in  a  fairly- 
satisfactory  manner  for  the  various  phenomena  of  heat 
so  far  as  these  phenomena  had  then  been  observed,  but 
neither  rested  on  any  sure  experimental  basis.  One 
hypothesis  supposed  heat  to  be  a  subtle  weightless  fluid, 
called  caloric,  which  permeated  the  spaces  among  the 
particles  of  matter,  like  water  in  a  sponge.  The  caloric 
was  supposed  to  flow  from  a  hot  to  a  cold  body  when  the 
two  are  in  contact.  Its  presence  was  supposed  to  increase 
the  size  of  a  body,  hence  expansion  by  heat.  Friction  or 
hammering  was  supposed  to  diminish  the  capacity  of  a 
body  for  caloric,  and  hence  to  cause  the  caloric  to  flow 
out.  Combustion  was  supposed  to  send  out  heat  because 
the  capacity  for  caloric  of  the  substance  resulting  from 
the  combustion  is  less  than  that  of  the  substances  burning. 
Thus  more  or  less  plausible  explanations  were  offered  of 
all  the  then  observed  phenomena.  But  this  hypothesis 
would  not  permit  one  to  suppose  heat  to  appear  in  one 
body  which  did  not  lyreviously  exist  as  heat  in  that  or  in 
some  other  body.  It  would  be  absurd  to  suppose  this 
caloric  to  be  created  in  any  physical  or  chemical  process, 
and  this  hypothesis  did  not  suppose  caloric  and  any  other 
substance  to  be  convertible  one  with  the  other.  The 
other  hypothesis  supposed  heat  to  be  a  commotion  among 
the  2)articles  of  matter.  According  to  this  hypothesis 
heat  is  not  matter  but  a  form  of  energy,  the  kinetic  energy 
(§  66)  due  to  the  motion  of  the  particles  or  molecules  of 
a  body  among  one  another.  In  the  year  1799  Davy 
published  the  work  in  which  his  experiment  with  the  ice 
is  described,  and  thereby  conclusively  overthrew  the 
former  of  these  hypotheses,  at  the  same  time  giving  good 
reason  for  accepting  as  true  the  latter.  Subsequent 
investigations  have  fully  confirmed  this  conclusion,  so  tliat 
now  we  may  with  every  confidence  accept  what  is  generally 
called  the  dynamical  theory  of  heat. 

Applying  what  you  have  learned  from  your  study  of 
dynamics,  particularly  regarding  energy  and  work,  show 
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how  each  of  the  various  phenomena  observed  in  the  intro- 
ductory experiments  of  this  chapter  is  to  be  explained 
by  the  dynamical  theory  of  heat.  Which  of  these 
phenomena  are  not  satisfactorily  explained  by  the  fluid 
hypothesis  ? 

Having  made  a  brief  qualitative  study  of  heat,  let  us 
consider  temperature,  and  means  by  which  it  may  be 
accurately  determined,  that  we  may  be  enabled  to  proceed 
with  more  precise  investigations. 

§  109.  Temperature  defined. — If  body  A  is  placed 
in  contact  with  body  B,  and  A  loses  and  B  gains  heat, 
then  A  is  said  to  have  had  originally  a  higher  tempera- 
ture than  B.  If  neither  body  gains  or  loses  then  both 
had  the  same  temperature.  Temperature  is  the  state  of  a 
body  considered  ivith  reference  to  its  power  of  communicating 
heat  to  or  receiving  heat  from,  other  bodies.  The  direction  of 
the  flow  of  heat  determines  which  of  two  bodies  has  the 
higher  temperature. 

It  may  be  mathematically  demonstrated,  using  the 
laws  of  motion  as  a  basis,  that,  if  the  average  kinetic 
energy  of  each  particle  of  A  is  equal  to  the  average 
kinetic  energy  of  each  particle  of  B,  then  when  A  and  B 
are  brought  into  contact  the  particles  of  A  will  receive 
from  the  particles  of  B  just  as  much  energy  as  those  of  B 
receive  from  those  of  A.  Hence,  adopting  the  dynamical 
theory  of  heat,  we  may  say  that  two  bodies  have  the  same 
temperature  when  the  average  kinetic  energy  of  each  particle 
of  the  one  is  equal  to  the  average  kinetic  energy  of  each 
particle  of  the  other. 

§  110.  Temperature  distinguished  from  Quan- 
tity of  Heat. — The  term  temperature  has  no  reference  to 
quantity  of  heat.  If  we  mix  together  two  equal  quan- 
tities of  the  same  substance  at  the  same  temperature,  the 
temperature  of  the  mixture  is  not  greater  or  less  than 
that  of  either  before  they  were  mixed  ;  but  evidently  the 
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mixture  contains  twice  as  much  heat  as  either  alone.  If 
we  dip  from  a  gallon  of  boiling  water  a  cupful,  the  cup 
of  water  is  just  as  hot,  i.e.  has  the  same  temperature^  as 
the  larger  quantity,  although  of  course  there  is  a  great 
difference  in  the  quantities  of  heat  the  two  bodies  of 
water  contain.  TemperaUire  depends  upon  the  average 
kinetic  energy  of  the  individual  particle,  while  quantity  of 
heat  depends  upon  the  average  kinetic  energy  of  the  individual 
particle  multiplied  hy  the  number  of  particles,  that  is,  upon 
the  total  kinetic  energy  of  all  the  particles. 

§  111.  Designation  of  Temperature, — To  intelli- 
gibly describe  a  particular  temperature  it  is  necessary  to 
state  by  how  much  and  in  what  direction  (whether  higher 
or  lower)  it  differs  from  a  temperature  chosen  as  a  standard, 
and  with  which,  to  understand  the  description,  one  must 
be  familiar.  It  is  thus  with  all  descriptions,  for  example, 
to  describe  the  position  of  a  point  one  must,  directly  or 
indirectly,  state  its  distance  and  direction  from  a  known 
point.  To  describe  the  position  of  a  point  requires  a 
known  point  and  a  unit  of  length.  To  describe  a  tem- 
perature requires  a  knoum,  temperature  and  a  unit  of  differ- 
ence of  temperature.  The  temperature  which  has,  for 
ordinary  purposes,  been  chosen  as  a  standard  is  the  tem- 
perature of  ice  in  the  act  of  melting  under  the  pressure 
of  one  atmosphere.  As  you  have  had  an  opportunity  of 
observing,  this  temperature  is  always  the  same,  and  it 
may  be  easily  obtained.  The  unit  of  difference  of  tem- 
perature, to  be  understood,  must,  of  course,  be  the  differ- 
ence between  two  known  temperatures,  or  some  fraction 
of  this  difference.  Different  units  are  used,  but  each  is  a 
fraction  of  the  difference  between  the  temperature  at 
which  ice  melts  and  the  temperature  of  the  steam  from 
water  boiling  under  the  pressure  of  one  atmosphere.  The 
first  of  these  temperatures  is  called  the  freezing  point  and 
the  second  the  boiling  point  of  water. 

S  112.  Means  of  ascertaining  Temperature. — 
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We  possess  a  sense  by  means  of  wliich  we  may  observe 
temperatures  directly,  and,  doubtless,  careful  training 
would  enable  us  by  this  sense  to  observe  with  considerable 
accuracy  within  a  narrow  range.  For  scientific  purposes, 
however,  we  require  means  of  ascertaining  temperatures 
very  accurately  through  a  wide  range.  A  change  of  tem- 
perature produces  many  other  changes  in  a  body,  some  of 
which  may  be  readily  and  very  accurately  observed,  and 
by  observing  one  of  these  changes  we  may  draw  con- 
clusions regarding  the  change  of  temperature.  As  you 
have  already  seen  (§  107),  a  change  of  temperature  pro- 
duces a  change  of  volume  ;  and  instruments  are  con- 
structed so  that  the  changes  of  volume  of  a  certain  body 
may  be  accurately  observed,  and  hence  its  changes  of 
temperature  accurately  inferred.  Such  an  instrument  is 
called  a  thermometer. 

§  113.  Construction    of    a    Thermometer. — A 

thermometer  generally  consists  of  a  glass  tube  of  uniform 
capillary  bore,  terminating  at  one  end  in  a  bulb.  The 
bulb  and  part  of  the  tube  are  filled  with  mercury,  and 
the  space  in  the  tube  above  the  mercury  is  usually,  but 
not  necessarily,  a  vacuum.  On  the  tube,  or  on  a  plate  of 
metal  behind  the  tube,  is  a  scale  to  show  the  height  of 
the  mercurial  column,  and,  hence,  the  volume  of  the 
mercury. 

§  114.  Graduation  of  Thermometers. — The  bulb 
of  a  thermometer  is  first  placed  in  melting  ice,  and 
allowed  to  stand  until  the  surface  of  the  mercury  becomes 
stationary,  and  a  mark  is  made  upon  the  stem  at  that 
point,  and  indicates  the  freezing  point.  Then  the  instru- 
ment is  suspended  in  steam  rising  from  boiling  water,  so 
that  all  but  the  very  top  of  the  column  is  in  the  steam. 
The  mercury  rises  in  the  stem  until  its  temperature  be- 
comes the  same  as  that  of  the  steam,  when  it  again 
becomes  stationary,  and  another  mark  is  placed  upon  the 
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stem  to  indicate  the  boiling  point.  Tlien  the  space  be- 
tween the  two  points  found  is  divided  into  a  convenient 
number  of  equal  parts  called  degrees,  and  the  scale  is 
extended  above  and  below  these  points  as  far  as  desirable. 
Two  methods  of  division  are  adopted  in  this  country  : 
by  one,  the  space  is  divided  into  180  equal  parts,  and  the 
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result  is  called  the  Fahrenheit  scale,  from  the  name  of  its 
author  ;  by  the  other,  the  space  is  divided  into  1 00  equal 
parts,  and  the  resulting  scale  is  called  centigrade,  which 
means  one  hundred  steps.  In  the  Fahrenheit  scale,  which 
is  generally  employed  for  ordinary  household  purposes, 
the  freezing  and  boiling  points  are  marked  respectively 
32"  and  212°.     The  0  of  this  scale  (32°  below  freezing 
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point),  which  is  about  the  lowest  temperature  that  can  be 
obtained  by  a  mixture  of  snow  and  salt,  was  incorrectly  sup- 
posed by  the  inventor  to  be  the  lowest  temperature  attain- 
able. The  centigrade  scale,  which  is  generally  employed  by 
scientists,  has  its  freezing  and  boiling  points  more  conveni- 
ently marked,  respectively  0°  and  100°.  A  temperature 
below  0°  in  either  scale  is  indicated  by  a  minus  sign  before 
the  number.  Thus, —  12°  F.  indicates  12  Fahrenheit 
degrees  below  Fahrenheit's  0  (or  44  Fahrenheit  degrees 
below  freezing  point).  Under  F.  and  C,  Fig.  109,  the  two 
scales  are  placed  side  by  side,  so  as  to  exhibit  at  intervals 
a  comparative  view.  It  will  be  observed  that  in  the  con- 
struction of  the  mercury  thermometer  it  is  assumed  that 
equal  changes  of  temperature  produce  equal  changes  in 
the  volume  of  mercury.  It  has  been  ascertained,  by  in- 
vestigations of  a  character  beyond  the  scope  of  this  book, 
that  this  assumption  is  only  approximately  true. 

§  115.  Conversion  from  one  Scale  to  the  Other. 

— Since  100  Centigrade  degrees  =  180  Fahrenheit  degrees, 
1  Centigrade  degree  =  -|  of  a  Fahrenheit  degree.  Hence, 
to  convert  Centigrade  degrees  into  Fahrenheit  degrees, 
we  multiply  the  number  by  ^ ;  and  to  convert  Fahrenheit 
degrees  into  Centigrade  degrees  we  multiply  by  |-.  In 
finding  the  temperature  on  one  scale  that  corresponds  to 
a  given  temperature  on  the  other  scale  it  must  be  remem- 
bered that  the  number  that  expresses  the  temperature  on 
a  Fahrenheit  scale  does  not,  as  it  does  on  a  Centigrade 
scale,  express  the  number  of  degrees  above  freezing-point. 
For  example,  52°  on  a  Fahrenheit  scale  is  not  52°  above 
freezing-point,  but  52°  -  32°  =  20°  above  it. 

Hence,  if  you  wish  to  represent  a  given  temperature  on 
the  Fahrenheit  scale,  determine  the  number  of  F.  degrees 
the  given  temperature  is  from  the  freezing-point,  and  then 
make  allowance  for  the  fact  that  the  freezing-point  is 
marked  32°  on  the  F.  scale. 
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Example  1.— How  is  13°  C.  represented  on  the  F.  scale  ? 
13  C.  degrees  =  13  x  |  =  23|  F.  degrees. 

Therefore,  the  given  temperature  is  23|  F.  degrees  above 
freezing,  and  hence  is  represented  by 

23-f +  32°  =  65f"'  on  the  F.  scale. 

Example  2. — How  is  64°  F.  represented  on  the  Centigrade 
scale  ? 

64°  F.  is  32  F.  degrees  above  freezing. 
32  F.  degrees  =  32  x  f  =  I7f  C.  degrees. 

Therefore,  the  given  temperature  is  17|^  C.  degrees  above 
freezing,  and  hence  is  represented  by 

17|-°  on  the  C.  scale. 

PROBLEMS 

1.  The  difference  between  two  temperatures  is  80  Centigrade 
degrees.     What  is  the  difference  in  Fahrenheit  degrees  ? 

2.  When  the  temperature  of  a  room  falls  30  Fahrenheit 
degrees,  how  many  Centigi'ade  degrees  is  its  temperature 
lowered  ? 

3.  Suppose  the  temperature  of  the  above  room,  before  the 
fall,  was  68°  F.,  (a)  what  was  its  temperature  after  the  fall? 
(b)  What  were  the  temperatures  of  the  room  before  and  after 
the  fall,  according  to  a  Centigrade  thermometer  ? 

4.  Express  the  following  temperatures  of  the  Centigrade 
scale  in  the  Fahrenheit  scale  :    100°  ;    40°  ;    56°  ;    60°  ;    0°  ; 

-20°;    -40°;  80°;  150°. 

5.  Express  the  following  temperatures  of  the  Fahrenheit 
scale  in  the  Centigi-ade  scale:  212°;  32°;  90°;  77°;  20°;  10°; 

-10°;    -20°;    -40°;  40°;  59°;  329°. 

§  116.  Air-thermometer. — Prepare  apparatus  as  shown 
in  Fig.  110.  A  is  a  glass  ilask  of  about  one-fourth  litre  capa- 
city, tightly  stopped.  Through  the  stopper  extends  a  glass 
tube  about  60*="^  long,  which  also  passes  through  the  stopper 
of  a  bottle  B,  partly  filled  with  coloured  water.  The  latter 
stopper  is  pierced  by  a  hole  a,  to  allow  air  to  pass  in  and  out 
freely.  A  strip  of  paper,  C,  containing  a  scale  of  equal  parts, 
is  attached  to  the  tube  by  means  of  slits  cut  in  the  paper. 
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Grasp  tlie  flask  with  the  palms  of  both  hands,  and  thereby 
heat  the  air  in  the  flask  and  cause  it  to  expand  and  in  part 
escape  through  tlie  liquid  in  bubbles.  When  several  bubbles 
have  escaped  remove  the  hands,  and  the  air,  on  cooling,  will 
contract,  and  the  liquid  will  rise  and  partly  fill  the  tube. 

By  using  a  large  flask  and  a  tube  having  a 
.  small  bore,  this  instrument  may  be  made  to 
indicate  clearly  very  slight  changes  in  temper- 
ature. What  effect  would  a  change  in  the 
atmospheric  pressure  have  on  the  indications 
of  this  thermometer  ?  To  what  property  of 
air  is  this  due  1  Observations  of  other  changes 
which  accompany  change  in  temperature  have 
been  utilised  as  a  means  of  inferring  tempera- 
ture. 


§  117.  Testing  Extreme  Tempera- 
tures.—Mercury  boils  at  348-8°  C.  (660°  F.), 
and  freezes  at  -39°  C.  (-38.2°  F.),  and 
therefore  cannot  be  used  for  indicating  temper- 
atures above  or  below  these  points.  Ex- 
tremely high  temperatures  may  be  tested  by 
the  expansion  of  solids,  for  example,  a  rod  of 
platinum,  and  an  instrument  used  for  this 
purpose  is  called  a  pyrometer.  Alcohol  is  used 
in  thermometers  employed  to  test  extremely 
low  temperatures. 


Fig.  110. 


QUESTIONS 


1.  Wishing  to  know  the  temperature  of  a  room,  you  look 
at  a  thermometer  which  has  been  for  some  time  in  contact  with 
the  air  of  that  room.  What  is  it  that  you  actually  observe  ? 
What  do  you  infer  from  your  observation  ?  There  are  three 
substances  involved — the  mercury,  the  glass,  and  the  air  of  the 
room.  Applying  the  facts  learned  from  experiments  already 
made,  from  your  observation  of  the  voluine  of  the  mercury  trace 
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your   inference  regarding  the  temperature  of  the  air  in  the 
room. 

2.  When  testing  the  temperature  of  a  body  by  means  of  a 
thermometer,  what  observation  leads  you  to  infer  that  the  body 
under  examination  and  the  merciu-y  of  the  thermometer  have 
the  savie  temperature  ? 


DIFFUSION  OF  HEAT 

There  is  always  a  tendency  to  equalisation  of  tempera- 
ture ;  that  is,  heat  has  a  tendency  to  pass  from  a  warmer 
body  to  a  colder,  or  from  a 
warmer  to  a  colder  part  of 
the  same  body,  until  there 
is  an  equilibrium  of  temper- 
ature. 

If  you  put  your  hand  in 
contact  with  a  body  at  a 
lower  temperature  than  your 
hand  molecular  kinetic 
energy  passes  from  your 
hand  to  the  body,  and  you 
experience  a  sensation  which 
leads  you  to  say  that  the 
body  feels  cold.  If  the  body 
is  at  a  higher  temperature, 
your  hand  gains  molecular 
kinetic  energy,  and  you  ex-  , 
perience  a  sensation  which  .. 
leads  you  to  say  that  the 
body  feels  warm.  Tlie  in- 
tensity of  the  sensation  depends 

upon  the  rate  at  which  your  hand  loses  or  gains  molecular 
kinetic  energy.  In  other  words,  it  depends  upon  the  rate 
at  which  the  temperature  of  your  hand  falls  or  rises.  The 
rate  at  which  the  temperature  of  your  hand  changes  in'// 
depend,  of  course,  upon  the  difference  between  the  temper- 
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ature  of  your  hand  and  the  temperature  of  that  imrt  of 
the  observed  body  in  immediate  contact  with  it. 

Experiment  1. — Place  one  end  of  a  wire  about  IS*""  long, 
in  a  lamp-flame,  and  hold  the  other  end  in  the  hand.  Apply 
your  fingers  to  points  nearer  and  nearer  to  the  flame.  What 
do  you  learn  from  this  experiment  ? 

Experiment  2.— Fill  a  glass  vessel  like  that  in  Fig.  Ill 
with  water,  and  stir  in  a  small  quantity  of  fine  saw-dust. 
Apply  heat  to  the  bottom  and  carefully  watch  the  result.  By 
means  of  a  thermometer,  from  time  to  time  test  the  temperatiu'e 
of  the  water  at  different  depths.  Do  you  find  much  difference 
between  the  temperature  near  the  bottom  and  the  temperature 
near  the  top  ?  Can  you  explain  the  movement  which  you  see 
taking  place  in  the  water  ?  Does  this  movement  aid  in  the 
diffusion  of  the  heat  throughout  the  water  ?  Assuming  the 
dynamical  theory  of  heat  to  be  true,  how  do  you  explain  the 
diffusion  of  heat  through  the  wire  used  in  Experiment  1  ? 

These  experiments  illustrate  two  quite  different  ways 
in  which  heat  may  be  diffused  throughout  a  body.  In 
the  first  experiment  the  heat  is  said  to  be  diffused  by  con- 
duction, in  the  second  by  convection. 

§  118.  Conduction. — The  flow  of  heat  through  an 
unequally-heated  body,  from  places  of  higher  to  places  of 
lower  temperature,  is  called  conduction  ;  the  body  through 
which  it  travels  is  called  a  conductor.  The  molecules  ot 
the  wire  in  the  flame,  in  Experiment  1  above,  have  their 
motion  quickened ;  they  strike  their  neighbours,  and 
quicken  their  motion  ;  the  latter  in  turn  quicken  the 
motion  of  the  next,  and  so  on,  until  some  of  the  motion 
is  finally  communicated  to  the  hand,  and  creates  in  it  the 
sensation  of  heat. 

Experiment  1. — Hold  wires  of  different  metals  of  the  same 
length,  also  a  glass  tube,  a  pipe-stem,  etc.,  in  the  flame,  and 
notice  the  difference  in  the  time  that  elapses  before  the  sensa- 
tion of  heat  is  felt  in  the  different  bodies  at  points  a  short  dis- 
tance from  the  flame. 
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Experiment  2. — Go  into  a  cold  room,  and  place  the  bulb 
of  a  thermometer  in  contact  with  various  substances  in  the 
room  ;  you  will  probably  find  that  they  have  the  same,  or  very 
nearly  the  same,  temperature.  Place  your  hand  on  the  same 
substances  ;  they  appear  to  have  very  different  temperatures. 
Try  a  piece  of  iron  and  a  block  of  wood.  The  iron  feels  colder 
than  the  wood.  Keep  one  hand  on  the  iron  and  the  other  on 
the  wood  for  one  minute.  Now  apply  the  thermometer  to  the 
surfaces  lately  in  contact  with  your  hands.  Are  they  still  at 
the  same  temperatui-e  ?  You  find  that  the  surface  of  the  wood 
has  been  raised  by  contact  with  your  hand  to  a  higher  tempera- 
ture than  that  of  the  iron  has  in  the  same  time.  Does  this  fact 
explain  the  difference  between  the  sensations  experienced  in 
the  two  hands  ?  How  can  you  account  for  the  fact  itself?  Is 
it  possible  that  the  wood  is  a  bad  conductor,  and  hence  the 
part  in  contact  with  the  hand  is  quickly  warmed,  because  the 
heat  it  receives  from  the  hand  is  not  conducted  away  to  other 
parts  of  the  block  ?  What  experiment  can  you  suggest  to 
determine  whether  wood  conducts  heat  rapidly  or  not  ? 

Experiment  3. — Twist  together  at  one  end  similar  wires 
or  strips  of  iron,  copper,  brass,  etc.,  10  or  15<=™  long,  and 
introduce  the  twisted  ends  into  a  small  flame.  After  a  few 
minutes  you  can  tell  approximately  the  order  of  their  conduct- 
ing powers,  by  moving  a  match  along  each  wire,  and  seeing 
how  far  from  the  flame  it  will  light.  Which  do  you  find  to  be 
the  best  conductor  ? 

You  learn  that  some  substances  conduct  heat  much 
more  rapidly  than  others.  The  former  are  called  good 
conductors^  the  latter  poor  conductors.  Metals  are  the  best 
conductors,  though  they  differ  widely  among  themselves. 

Experiment  4.— Fill  a  test-tube  nearly  full  of  water,  and 
hold  it  somewhat  inclined  (Fig.  112),  so  that  a  flame  may  heat 
the  part  of  the  tube  near  the  surface  of  the  water.  Take  care 
that  the  flame  does  not  strike  the  tube  above  the  water,  or  the 
tube  will  break.  Do  you  find  that  the  heat  is  rapidly  or  slowly 
transferred  to  the  lower  part  of  the  tube  ?  Why  are  convec- 
rion  currents  ftot  set  up  in  this  case  ? 

Liquids,  as  a   class,  are  worse   conductors   than  solids. 
Gases  are  much  worse  conductors  than  liquids.     It  is  diffi- 
o 
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cult  to  discover  that  pure,  dry  air  possesses  any  conduct- 
ing power.  The  poor  conducting  power  of  our  clothing 
is  due  to  the  poor  conducting 
power  of  the  fibres  of  the 
cloth  in  part,  but  chiefly  to 
that  of  the  air  which  is  con- 
fined by  it.  O^^^^y  is  loose 
clothing  warmer  than  that 
closely  fitting  T) 

Bodies     are      surrounded 

with  bad  conductors,  to  retain 

p.    ..„  heat  when  their  temperature 

is  above  that  of  surrounding 

objects,  and  to  exclude  it  when  their  temperature  is  below 

that  of  surrounding  objects. 

§  119.  Convection. — When  a  hot  brick,  or  a  bottle 
of  hot  water,  is  placed  at  one's  feet,  heat  is  also  conveyed 
to  the  feet.  When  heat  is  transferred  from  one  place  to 
another  by  the  bodily  moving  of  heated  substances,  the 
operation  is  called  convection ;  but  this  term  is  rarely 
applied  to  solids.  Heat  does  not  set  up  bodily  motion  in 
solids,  but  it  frequently  does  in  fluids,  as  you  have  already 
seen  in  the  case  of  water. 

Experiment  1. — Fill  a  small  (6  ounce)  thin  glass  flask 
with  boiling  hot  water,  colour  it  with  a  teaspoonful  of  ink, 
stopper  the  flask,  and,  without  inverting  it,  lower  it  deep  into 
a  tub  pail,  or  other  large  vessel  filled  with  cold  clear  water. 
Withdraw  the  stopper.  What  takes  place  ?  Why  does-  this 
result  follow  ?  What  has  become  of  the  heat  at  first  stored  up 
in  the  hot  coloured  water  ? 

Experiment  2. —  Again  fill  the  flask  with  hot  coloured 
water,  stopper,  invert,  and  introduce  the  mouth  of  the  flask 
just  beneath  the  surface  of  a  pail  of  clear  cold  water.  With- 
draw the  stopper  with  as  little  agitation  of  ^the  water  as 
possible.      What  happens  ?     Explain. 

Experiment  3.— Provide  a  tightly-covered  tin  vessel  (Fig. 
113)  and  two  lamp-chimneys  A  and  B.  Near  one  side  of  the 
top  of  the  cover  cut  a  hole  a  little  smaller  than  the  large  aper- 
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ture  of  chimney  B.  Near  the  opposite  side  of  the  cover  cut  a 
series  of  holes  of  about  7"*"*  diameter,  arranged  in  a  circle,  the 
circle  being  large  enough  to  admit  a  candle  without  covering 
the  holes.  Light  the  candle,  and  cover  it  with  chimney  A, 
which  should  be  outside  the  cii'cle  of  holes.  Fasten  both 
chimneys  to  the  cover  with 
wax.  Hold  smoking  touch- 
paper  C  (paper  soaked  in  a 
solution  of  saltpetre  and  then 
dried)  near  the  top  of  chimney 
B.  The  smoke  will  enable  you 
to  see  the  directions  of  the  air 
currents.  Describe  and  explain 
these  currents.  Cover  the  ori- 
fice B  with  the  hand.  What 
happens  after  a  short  time  ? 
Explain. 

The  last  experiment  fur- 
nishes an  explanation  of 
many  familiar  phenomena. 
It  explains  the  cause  of 
chimney-draughts,  and  shows 
the  necessity  of  j^roviding  a 
means  of  ingress  as  well  as 
egress  of  air  to  and  from  a 
confined  fire.  It  explains  the  method  by  which  air  is 
put  in  motion  in  winds.  It  illustrates  a  method  often 
adopted  to  ventilate  mines.  Let  the  interior  of  the  tin 
vessel  represent  a  mine  deep  in  the  earth,  and  the 
chimneys  two  shafts  sunk  to  opposite  extremities  of  the 
mine.  A  fire  kept  burning  at  the  bottom  of  one  shaft 
will  cause  a  current  of  air  to  sweep  down  the  other  shaft, 
and  through  the  mine,  and  thus  keep  up  a  circulation 
of  pure  air  through  the  mine. 

Liquids  and  gases  are  heated  by  convection,  (Why 
not  solids  ?)  The  heat  must  be  applied  at  the  bottom  of 
the  body  of  liquid  or  gas.  (Wliy  not  at  the  top  T)  There 
is    a   still    more    important    method    by  which    heat    is 
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diffused,  called  radiation,  the  method,  for  example,  by 
which  heat  reaches  us  from  the  sun,  which  will  be  treated 
of  under  the  head  of  radiant  energy. 

QUESTIONS 

1.  "Why,  on  a  frosty  morning,  will  one's  hand  freeze  to  a 
metallic  door-knob  rather  than  to  one  of  porcelain  ? 

2.  Why  do  double  windows  j^revent  the  escape  of  heat  so 
much  better  than  single  windows  ? 

3.  Why,  in  freezing  ice-cream,  do  we  put  the  freezing  mix- 
ture in  a  wooden  vessel,  and  the  cream  in  a  metal  one  ? 

4.  How  are  safes  made  fire-proof  ? 

5.  Why  can  one  heat  water  more  quickly  in  a  tin  than  in 
a  china  cup  ? 

6.  (a)  How  is  equalisation  of  temperature  effected  in  solids  ? 
(6)  In  liquids  and  gases  ? 

§  120.  Change  of  Volume  accompanying 
Change  of  Temperature. — We  have  already  observed 
that  ill  solids,  liquids,  and  gases  a  change  of  temperature 
is  accompanied  by  a  change  of  volume.  Let  us  now  make 
some  experiments  for  the  purpose  of  gaining  more  precise 
information  on  this  point. 

Experiment  1. — Fasten  together  by  rivets,  at  intervals  of 
2*=™,  a  strip  of  sheet  iron  and  a  strip  of  sheet  copper,  each 
ir^cm  ^Qj^g  aj^(j  2<="^  wide.  Heat  this  compound  strip  in  the 
flame  of  a  Bunsen  burner  or  that  of  a  spirit-lamp.  What  is 
the  result  ?  Do  you  infer  that  the  iron  and  the  copper  expand 
at  the  same  rate  on  being  heated  ?  Which  expands  at  the 
greater  rate  ?  Cool  the  compound  strip  by  putting  it  in  ice- 
water  or  in  a  freezing-mixture.  What  hapf)ens  ?  Is  this  result 
in  accordance  with  the  result  when  the  strip  was  heated  ? 
Make  similar  experiments  with  other  metals,  and  learn  as  much 
as  you  can  regarding  their  rates  of  expansion  on  being  heated. 

Experiment  2. — Obtain  a  glass  tube  about  15*^"*  long,  and 
having  a  uniform  bore  of  about  5"^*^,  and  close  one  end  by 
heating  in  the  flame  of  a  Bunsen  burner  or  in  that  of  a  spirit- 
lamp.  Partly  fill  this  tube  with  water,  and  tie  to  it  a  chemical 
thermometer  so  that  the  scale  on  the  thermometer  tube  may  be 
used  to  measure  the  column  of  water.  Place  the  apparatus  in 
a  beaker  of  ice- water  at  such  a  depth  that  the  water  column  in 
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the  tube  may  be  wholly  below  the  surface  of  the  ice-water. 
Carefully  observe  and  write  down  the  length  of  the  water 
column  in  the  tube  when  it  has  reached  the  same  temperature 
as  the  ice-water.  Remove  the  tube  and  plunge  it  into  a  beaker 
of  hot  water.  When  the  water  column  has  ceased  to  rise,  and 
hence  has  reached  the  same  temperature  as  the  hot  water  out- 
side, (Carefully  observe  and  write  down  its  length,  as  observed 
by  means  of  the  attached  thermometer  scale  ;  also  carefully 
observe  and  Avrite  down  the  temperature.  What  is  the  length 
of  the  water  column  when  in  the  ice-water,  and  hence  at  the 
temperature  of  0°  C.  ?  What  is  its  length  at  the  higher  tem- 
perature ?  By  how  many  degi-ees  do  the  two  temperatures 
differ  ?  What  is  the  average  increase  in  length  for  each  degree  ? 
Repeat  the  experiment,  using  hot  water  at  different  tempera- 
tures. Do  you  obtain  the  same  average  expansion  for  each 
degree  in  all  the  experiments  ?  Make  similar  exj^eriments, 
using  alcohol  in  the  tube  instead  of  water.  Do  you  find  that 
alcohol  expands  at  the  same  rate  as  water  ?  By  what  fraction 
of  its  volume  at  0°  does  alcohol  expand  for  each  Centigrade 
degree  that  its  temperature  is  raised  ?  Do  you  obtain  the 
same  average  in  all  your  experiments  with  alcohol  ? 

The  fraction  of  its  volume  at  0°  C,  by  which  a 
substance  expands  when  its  temperature  is  raised  one 
Centigrade  degree,  is  called  the  coefficient  of  expansion  of 
that  substance. 

Experiment  3. — Fit  a  perforated  cork  to  a  test-tube  and 
insert  a  glass  tube  of  small  bore  about  30«™  long  just  reaching 
through  the  cork.  The  cork  and  tube  must  fit  water-tight. 
Fill  the  test-tube  and  part  of  the  long  tube  with  cold  water, 
excluding  all  air-bubbles.  Place  this  apparatus  in  a  beaker  of 
ice-water.  When  the  water  in  the  test-tube  has  ceased  to 
change  in  volume,  and  hence  has  reached  the  same  tempera- 
ture as  the  water  in  the  beaker,  or  0°  C,  mark  the  point  at 
which  it  stands  in  the  long  tube,  and  remove  the  ice  from 
the  water  in  the  beaker,  at  the  same  time  introducing  a 
thermometer.  As  the  ice  is  removed,  the  water  in  the  beaker 
will  slowly  become  warmer.  Do  you  find  that  the  water  in  the 
test-tube  expands  as  its  temi)erature  rises  above  0°  C?  What 
does  happen  ?  At  what  temperature  do  you  find  the  water  in 
the  test-tube  to  have  its  least  volume,  and  hence  its  greatest 
density  ? 
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Experiment  4. — Into  a  graduated  glass  tube  pour  about 
20°'"  of  kerosene  ;  cool  this  to  0°  C.  by  jDutting  the  tube  in  ice- 
water.  Drop  in  some  small  pieces  of  dry  ice.  Observe  the 
total  volume,  and  hence  determine  the  volume  of  ice  intro- 
duced. Allow  the  ice  to  melt,  and  observe  the  volume  of 
water  resulting.  What  is  the  ratio  of  the  volume  of  the  water 
to  the  volume  of  the  ice  from  which  it  comes  ?  What  is  the 
density  of  ice  ? 

Experiment  5. — Procure  a  glass  tube  about  20<=''^  long,  and 
having  a  uniform  bore  of  about  1"*™.  Introduce  into  it  an  index 
of  mercury  about  5™°^  long  by  plunging  it  into  a  bottle  of  mer- 
cury, placing  the  finger  firmly  over  the  outer  end  of  the  tube, 
and  removing  it  from  the  bottle.  Move  the  index  to  the 
middle  of  the  tube  and  close  one  end  by  holding  it,  in  a 
horizontal  position,  in  a  gas  or  alcohol  flame.  Tie  to  the  tube 
a  chemical  thermometer  so  that  its  scale  may  be  used  to  measure 
the  length  of  the  confined  air  column.  Place  this  apparatus  in 
a  horizontal  position  in  a  shallow  pan  filled  with  ice -water. 
Note  precisely  the  length  of  the  air  column  when  the  ther- 
mometer indicates  0°  C.  Remove  the  ice  and  introduce  warm 
water  so  as  to  obtain  a  temperature  of  10°  C.  ;  note  the  length 
of  the  air  column  at  this  temperature.  Observe  and  note  the 
length  of  the  air  column  at  20°  C,  at  30°  C,  and  at  other 
temperatures.  Before  making  an  observation,  tap  the  tube  to 
facilitate  the  movement  of  the  mercury  index.  Fill  out  the 
following  table  : — 


Tempera- 
ture. 

Length  of  Air 
Column. 

Increase  in  length 
for  10  degrees. 

Average  increase  in 

length  for  each 
degree  Centigrade. 

0°C. 
10°,, 
20°,, 
30°  „ 
40°,, 
50°,, 
60°  „ 
70°,, 
80°  „ 
90°,, 
100°  „ 
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What  do  you  find  to  be  the  coefficient  of  expaiman  of 
air  ?  In  these  experiments  the  air  has  been  subject  to 
constant  pressure.  Combining  the  knowledge  gained  from 
these  experiments  with  the  fact  stated  in  Boyle's  law 
(§  98),  state  the  relation  that  must  exist  between  the 
temperature  and  the  pressure  of  a  body  of  gas  whose 
volume  is  kept  constant. 

It  has  been  ascertained  that  the  coeflRcient  of  expansion 
is  almost  exactly  the  same  in  the  case  of  all  gases. 

§  121.  Absolute  Temperature. — By  Experiment  5 
(§  120)  it  is  found  that  if  a  body  of  air  at  0°  C.  is  heated 
while  the  pressure  remains  constant,  its  volume  is  increased 
^^^  of  the  original  volume  for  every  degree  C.  its  tem- 
perature is  raised.  But  it  has  been  learned  (§  98)  that  at 
constant  temperature  the  pressure  of  a  given  mass  of  gas 
varies  inversely  as  its  volume,  hence  if  a  body  of  air  is  heated 
while  its  volume  is  kept  constant,  its  pressure  is  increased 
■^^  of  the  original  pressure  for  every  degree  its  temperature 
is  raised,  and  therefore  at  273°  C.  its  pressure  is  doubled. 
If  a  body  of  air  is  cooled  below  0°  C,  while  its  volume 
remains  constant,  its  pressure  is  diminished  by  ^1^  of 
its  pressure  at  0°  for  every  degree  its  temperature  is 
lowered  ;  and,  therefore,  if  its  pressure  were  to  continue  to 
diminish  at  the  same  rate  (and  in  the  case  of  a  nearly 
perfect  gaSj  like  air,  it  has  been  found  to  diminish  almost 
exactly  at  the  same  rate,  so  far  as  experiments  have  been 
made)  at -273°  C.  its  pressure  would  become  nothing. 
When  a  gas  exerts  no  pressure  on  the  containing  vessel, 
its  molecules  must  have  too  little  motion  to  overcome  the 
cohesion  between  them.  Now,  the  intromolecular  co- 
hesion in  a  gas  like  air,  which  is  liquefied  only  at  a  very 
low  temperature  and  under  great  pressure,  is  believed  to 
be  almost  nil^  and  hence  we  may  suppose  that  when  it 
ceases  to  exhibit  any  tendency  to  expand,  that  is,  when 
it  ceases  to  exert  pressure  on  the  containing  vessel,  its 
molecules  have  almost  no  motion,  and  the  gas  is  therefore 
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at  about  its  lowest  possible  temperature.  For  this  reason 
~  273°  C.  is  called  absolute  zero,  and  temperature  reckoned 
from  this  point  is  called  absolute  -temperature.  On  this 
scale  all  temperatures  are,  of  course,  positive.  Any  par- 
ticular temperature  is  designated  on  the  absolute  scale  by 
stating  the  number  of  degrees  this  temperature  is  above 
absolute  zero. 

§  122.  La-w  of  Charles. — The  relation  existing 
between  the  volume  and  the  pressure  of  a  given  mass  of 
gas  may  be  briefly  stated  as  follows  :  At  constant  pressure 
the  volume  of  a  giveti  mass  of  gas  varies  directly  as  the  abso- 
lute temperature.  This  is  called  the  Law  of  Charles.  From 
this  law  and  from  Boyle's  law  (§  98)  it  follows  that  at 
constant  volume  the  pressure  of  a  given  mass  of  gas  varies 
directly  as  the  absolute  temperature. 

§  123.  Pressure  of  a  Gas  due  to  the  Kinetic 
Energy  of  its  Particles. — The  laws  of  Boyle  and  of 
Charles  are  both  satisfactorily  explained  by  supposing 
that  the  pressure  of  a  gas  (or  its  tension  or  expansive 
power,  as  it  is  sometimes  called)  is  due  entirely  to  the 
striking  of  its  particles  against  the  surfaces  on  which  the 
gas  is  said  to  press,  the  impulses  following  one  another  in 
such  rapid  succession  that  the  effect  produced  cannot  be 
distinguished  from  constant  pressure.  Upon  the  average 
momentum  of  these  blows,  and  upon  the  number  of  blows 
per  second  on  a  unit  area  must,  in  this  case,  depend  the 
intensity  of  the  pressure  exerted  by  the  gas.  According 
to  the  dynamical  theory  of  heat,  the  absolute  temperature 
varies  directly  as  the  average  kinetic  energy  of  the  par- 
ticles. Imagine  the  average  speed  of  the  particles  of  a 
body  of  gas  to  be  doubled.  What  effect  has  this  upon 
the  average  momentum  of  the  particles  ?  What  effect  has 
it  upon  the  average  kinetic  energy  of  the  particles  1 
What  effect  has  it  upon  the  absolute  temperature  of  the 
gas  ?     If  the  volume  of  the  body  of  gas  is  kept  constant, 


t 


irr  HEAT  201 

what  effect  has  doubling  the  average  speed  of  its  particles 
on  the  number  of  blows  of  these  particles  per  second 
upon  a  unit  area  with  which  the  gas  is  in  contact  ? 
What  should  be  the  effect,  then,  upon  the  pressure 
exerted  by  the  gas  ?  Imagine  the  body  of  gas  to  be  kept 
at  constant  temperature  and  its  volume  to  be  doubled. 
What  effect  has  this  upon  the  average  effect  of  each  blow  ? 
What  effect  on  the  number  of  blows  per  second  on  a  unit 
area  1  What  effect,  then,  should  it  have  on  the  pressure  1 
The  foregoing  supposition  regarding  the  pressure  of  a 
gas  is  called  the  kinetic  theory  of  gases. 

§  124.  DifiFusion  of  Gases. — The  kinetic  theory  of 
gases  explains  why  gases  penetrate  into  any  spaces  open 
to  them,  and  likewise  the  phenomenon  known  as  the 
diffusion  of  gases  (see  §  41).  The  presence  of  a  gas  in  a 
given  space  only  delays  the  spread  of  another  gas  in  the 
same  space  by  collision  between  the  particles  of  the  inter- 
diffusing  gases. 

PROBLEMS 

1.  Find  in  both  Centigi'ade  and  Fahrenheit  degi*ees  the 
absolute  temperatures  at  which  mercury  boUs  and  freezes. 

2.  At  0°  C.  the  volume  of  a  certain  body  of  gas  is  500"^™ 
under  a  constant  pressure  ;  (a)  what  will  be  its  volume  if  its 
temperature  is  raised  to  75°  C.  ?  (b)  What  will  be  its  volume 
if  its  temperature  becomes  -  20°  C.  ? 

3.  If  the  volmne  of  a  body  of  gas  at  20°  C.  is  200<=*™,  what 
will  be  its  volume  at  30°  C.  ? 

4.  To  what  volume  will  a  litre  of  gas  contract  if  cooled 
from  30°  C.  to-15°  C.  ? 

5.  One  litre  of  gas  under  a  pressure  of  one  atmosphere  will 
have  what  volume  if,  at  a  constant  temperatm-e,  the  pressiure 
is  reduced  to  900*^  per  square  centimetre  ? 

6.  The  volume  of  a  certain  body  of  air  at  a  temperature  of 
17°  C,  and  under  a  pressure  of  800«  per  sc^uare  centimetre,  is 
500ccni;  what  will  be  its  volume  at  a  temperature  of  27°  C. 
under  a  pressure  of  12008  per  square  centimetre  ? 

7.  If  the  volume  of  a  body  of  gas  under  a  pressure  of  I''  per 
square  centimetre,  and  at  a  temperature  of  0°  C,  is  1  litre,  at 
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what  temperature  will  its  volume  be  reduced  to  I*'"'*  under  a 
pressure  of  200^  per  square  pentimetre  ? 

8.  If  a  cubic  foot  of  coal-gas  at  32°  F.,  when  the  barometer 
is  at  30  in.,  weighs  tjV  Ih.,  how  much  will  an  equal  volume 
weigh  at  68°  F.  when  the  barometer  is  at  29  in.  ? 

9.  What  is  the  temperature  at  the  bottom  of  a  pond  when 
ice  begins  to  form  at  the  surface  ?  Where  will  the  water 
having  the  greatest  density  lie  ? 

10.  Why  are  tires  made  hot  when  they  are  to  be  fitted  on 
carriage-wheels  ? 

11.  When  a  glass  stopper  is  stuck  fast  in  a  bottle,  it  may 
be  loosened  by  passing  a  stretched  cord  once  round  the  neck 
of  the  bottle,  and  rapidly  moving  the  bottle  back  and  forwards 
80  as  to  produce  friction  between  the  cord  and  the  neck  of  the 
bottle.     Explain  this. 

§  125.  Fusion  and  Boiling. — By  Experiment  9 
(Introductory  Experiments)  we  learned  that  heat  is  ex- 
pended in  changing  ice  to  water  without  raising  its 
temperature.  Let  us  now  endeavour  to  learn  something 
more  regarding  change  of  state. 

Experiment  1. — Melt  separately  tallow,  lard,  and  beeswax. 
When  partially  melted  stir  well  with  a  thermometer,  and 
ascertain  the  melting  points  of  each  of  these  substances. 

Experiment  2. — Place  a  test-tube  (Fig.  114),  half  filled 
with  ether,  in  a  beaker  containing  water  at  a  temperature  of 
60°  C.  Although  the  temperature  of  the 
water  is  40°  below  its  boiling  point,  it  very 
quickly  raises  the  temperature  of  the  ether 
sufficiently  to  cause  it  to  boil  violently.  In- 
troduce a  chemical  thermometer  i  into  the 
test-tube,  and  ascertain  the  boiling  jioint  of 
ether.  After  the  ether  begins  to  boil  does  its 
temperature  change  ? 

Experiment  3. — Partially  fill  a  flask  with 

Fig.  114.  water  and  place  it  over  a  Bunsen  burner  and 

heat.      Carefully  watch  the  temperature  until 

the  water  has  been   boiling   a   short   time.       What   do   you 

^  A  chemical  thermometer  has  its  scale  on  the  glass  stem,  instead 
of  a  metal  plate,  and  ia  otherwise  adapted  to  experimental  use. 
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observe  ?  Place  more  burners  under  the  beaker  ;  the  water 
boils  more  violently  ;  does  the  temperature  rise  ?  Expose  the 
bulb  of  the  thermometer  to  the  steam  near  the  surface  of  the 
boiling  water.     What  temperature  does  it  indicate  ? 

Experiment  4.  — Place  in  contact  the  smooth,  dry  surfaces 
of  two  pieces  of  ice ;  press  them  together  for  a  few  seconds  ; 
remove  the  pressure,  and  they  will  be  found  firmly  frozen 
together.  The  ice  at  the  surfaces  of  contact  melts  under  the 
pressure,  but  when  the  pressure  is  removed  the  liquid  instantly 
freezes  and  cements  the  pieces  together.  It  is  in  this  manner 
that  snowballs  are  formed. 

Note. — If  a  thermometer  is  placed  in  a  mixture  of  ice  and 
water,  and  the  mixture  is  subjected  to  great  pressure,  some  of 
the  ice  will  melt  and  the 
temperature  will  fall ;  but 
when  the  pressure  is  re- 
moved, a  portion  of  the 
water  freezes  and  the  tem- 
perature rises.  From  this 
we  learn  that  the  melting 
{or  freezing)  point  of  water 
is  very  slightly  loivered  by 
pressure.  The  depression 
is  about  Y^  of  1°  C.  for 
each  atmosphere.  On  the 
other  hand,  it  is  found  that 
substances  xvhich,  unlike 
ice,  expand  in  melting, 
have  their  melting  points 
raised  by  pressure. 

Experiment  5. — Half 
fill  a  thin  glass  flask  with 
water.  Boil  the  water 
over  a  Bunsen  burner  ;  the 
steam  will  drive  the  air 
from  the  flask.    Withdraw 

the  burner,  quickly  cork  the  flask  very  tightly,  and  plunge  the 
flask  into  cold  water,  or  invert  the  flask  and  pour  cold  water  upon 
the  part  containing  steam,  as  in  Fig.  115.  What  is  the  result? 
Pour  very  hot  water  on  the  flask.  What  is  the  result  f  Now 
pour  on  cold  water  again.  What  takes  place  ?  Ascertain  with 
your  thei-mometer  the  temperature  of  the  water  iii  the  flask. 


Fig.  115. 
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Experiment  6. — Put  some  water  in  an  open  beaker  and 
heat  it  to  the  boiling  point.  Stand  a  thermometer  in  the 
water  and  place  beaker  and  water  under  the  receiver  of  an  air- 
pump  and  exhaust  the  air.  What  takes  place  ?  Does  the 
temperature  of  the  water  change  ?  Allow  the  air  to  re-enter 
the  receiver,  and  what  follows  ?  What  do  you  observe  on  the 
interior  surface  of  the  glass  receiver  of  the  air-pump  ?  What 
does  this  prove  ?  What  can  be  the  cause  of  the  water's  boiling 
at  a  certain  temperature  in  one  case  and  not  boiling  at  the  same 
temperature  in  the  other  case  ?  What  is  the  only  condition 
not  the  same  in  the  two  cases,  so  far  as  you  can  see  ? 

Can  you  now  account  for  the  phenomena  of  Experi- 
ment 5  ?     What  do  these  experiments  teach  ? 

When  high  temperature  is  objectionable,  apparatus  is 
contrived  for  boiling  and  evaporating  in  a  partial  vacuum  ; 
as,  for  instance,  in  the  vacuum -pans  used  in  sugar 
refineries.  As  water  boils  at  a  temperature  lower  than 
100°  C.  when  the  pressure  on  its  surface  is  less  than  one 
atmosphere,  so,  when  the  pressure  on  its  surface  is  more 
than  one  atmosphere,  it  boils  at  a  temperature  higher  than 
100°  C.  ;  indeed,  the  temperature  to  which  water  may  be 
raised  under  the  pressure  of  its  own  steam  is  only  limited 
by  the  strength  of  the  vessel  containing  it.  Vessels  made 
steam  tight  are  often  employed  to  effect  a  complete  penetra- 
tion of  water  into  solid  and  hard  substances.  By  this 
means  gelatine  is  extracted  from  the  interior  of  bones. 
In  the  boiler  of  a  locomotive,  where  the  pressure  is  some- 
times 150  lbs.  per  square  inch  above  that  of  the  atmo- 
sphere, the  boiling  point  rises  to  about  180°  C.  (356°  F.) 

Experiment  7. — Boil  some  w^ater  in  which  common  salt 
has  been  dissolved,  and  carefully  note  the  temperature  of  the 
liquid  and  of  the  steam  just  above  the  surface  of  the  boiling 
liquid.  What  do  you  find  ?  In  a  similar  manner  treat  the 
solutions  of  other  solids  in  water.  Make  this  experiment  M'ith 
a  mixture  of  alcohol  and  water.  Prepare  a  statement  of  any 
general  conclusion  you  reach  from  your  observations.  Test  the 
truth  of  this  conclusion  in  as  many  ways  as  you  can. 

From  the  foregoing  and  other  similar  experiments  we 
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learn  the  following  important  laws  regarding  change  of 
state : — 

LAWS   OF   FUSION  AND   BOILING 


I 


1.  The  temperature  at  which 
solids  melt  differs  for  different 
substances,  btit  is  invariable  for 
the  same  substance,  if  the  pressure 
is  constant.  Substances  solidify 
usually  at  the  same  temperatures 
as  those  at  which  they  melt, 

2.  After  a  solid  begins  to 
melt,  the  temperature  remains 
eoTistaTit  until  the  lohole  is 
melted. 


3.  Pressure  lowers  the  malt- 
ing (or  solidifying)  point  of 
substances  that  expand  on  solidi- 
fying, and  raises  the  melting 
point  of  those  that  contract. 

4.  The  freezing  poini  of 
water  is  loicered  by  the  presence 
of  salts  in  solution. 


1.  The  temperature  at  which 
liquids  boil  differs  far  different 
substances,  but  the  temperature 
of  the  vapour  is  invariable  for 
the  same  substance  if  the  pres- 
sure is  constant. 

2.  After  a  liquid  begins  to 
boil,  the  temperature  remains 
constant  until  the  whole  is 
vaporised,  provided,  of  course, 
that  the  pressure  on  its  surface 
is  constant. 

3.  Pressure  raises  the  boiling 
point  of  all  substances. 


4.  The  bailing  point  of  water 
is  raised  by  the  presence  of  salts 
in  solution. 


REFERENCE   TABLES 


Melting 

Points 

Alcohol    . 

-  130°  C. 

Zinc        .     about           425°  C. 

Mercury   . 

-38-8%, 

Silver      .        „            1000°,, 

Sulphuric  acid 

-34-4°,, 

Gold        .         „             1200°,, 

Ice  . 

0°     „ 

Cast-iron         „   1050-1250°,, 

Phosphorus 

44°    „ 

Wrought-iron  „   1500.1600°,, 

Sulphur    . 

115°    „ 

Iridium  (the  most 

Tin. 

about  233°    „ 

infusible  metal) 

Lead 

„      334°    „ 

about.         .         .    1950°,, 

Boiling  I 

^oints  under  a  Pressure  of  one  AtmAJsphcre. 

Carbon  dioxide 

-  78°  C. 

Carbon  bisulphide       .     48*  C. 

Ammonia  . 

-40°,, 

Alcohol     .         .         .     78*,, 

Sulphur  dioxide 

-10°,, 

Water        .                       100°,, 

Ether 

35°,, 

Mercuiy    .         .         .  350°,, 
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Boiling  Points  of  JFater  at  Different  Pr 

assures 

Barometer. 

Atmospheres. 

184°  F.  .          .     16-68    inches 

212°     F. 

.         1 

190°,,    .          .      18-99      „ 

249-5°  „ 

.        2 

200°  „    .          .     23-45      „ 

273-3°,, 

.        3 

210°,,    .          /    28-74      „ 

306°      „ 

.        5 

212°,,    .          .     29-92      „ 

356-6°,, 

.     10 

The  temperatui-e  of  boiling  water  varies  with  the  altitude  of 
places,  in  consequence  of  the  different  atmospheric  pressure. 
A  difference  of  altitude  of  533  ft.,  at  points  not  very  far  from 
the  sea-level,  causes  a  variation  of  1°  F.  in  the  boiling  point. 

Boiling  Points  of  Water  at  Different  Altitudes 


F. 


§   126.    Distillation. — Apparatus    like    that  repre- 
sented  in   Fig.    116    may   be    easily   constructed.      The 


Above  the 

Mean  Height  of 

Sea-level. 

Barometer. 

Tempera 

Quito     . 

+  9,500  ft. 

.      21-53  in. 

195-8 

Mont  Blanc    . 

15,650  „ 

.     16-90  „ 

186° 

Mount  Washington 

6,290  „ 

.      22-90   „ 

200° 

London  . 

0  „ 

.     30         „ 

212° 

Dead  Sea  (below)     . 

-1,316  „ 

.     31-50   „ 

214° 

"'■^ 
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following   experiment    will    be    found    interesting    and 
instructive. 
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Experiment.— Half  fill  the  flask  A  with  water  coloured 
with  a  few  drops  of  ink.  Boil  the  water,  and  the  steam  aris- 
ing will  escape  through  the  glass  delivery  tube  BB.  This  tube 
is  surrounded  in  part  by  a  larger  tube  C,  called  a  condenser, 
which  is  kept  filled  with  cold  water  flowing  from  a  vessel  D 
through  a  siphon  S,  the  water  finally  escaping  through  the 
tube  E.  The  steam  is  condensed  in  its  passage  through  the 
delivery  tube,  and  the  resulting  liquid  is  caught  in  the  vessel  F. 
What  is  the  character  of  the  liquid  caught  in  the  vessel  F  ? 
What  has  been  effected  in  this  experiment  ?  Upon  what  does 
the  accomplishment  of  this  result  depend  ?  With  the  same 
apparatus  attempt  to  separate  water  from  common  salt  that 
has  been  dissolved  in  it.     Do  you  succeed  ? 

The  foregoing  apparatus  is  called  a  stillj  and  the  opera- 
tion is  called  distillation. 

If  a  volatile  liquid,  such  as  alcohol,  is  to  be  separated 
from  water,  can  the  above  apparatus  be  used  ?  If  so,  will 
the  alcohol  or  the  water  first  leave  the  flask  A  ?  A 
grocer  who  had  watered  his  whisky  too  freely  attempted 
to  correct  his  mistake  by  boiling  the  mixture  in  an  open 
pot     What  was  the  result  ? 

§  127.  Evaporation  and  Condensation. — Ex- 
periment 1. — Wet  a  pane  of  glass  with  cold  water,  and  after 
setting  it  aside  for  a  few  minutes  examine  it.  Is  it  still  wet  t 
What  has  become  of  the  water  ?  Repeat  the  experiment,  using 
hot  water.  Does  it  take  the  same  time  to  dry  in  this  case  as 
when  cold  water  was  used  ?  Make  the  experiment  again,  using 
ether  instead  of  water.  Observe  the  time  it  takes  the  glass  to 
dry  in  this  case.  Do  you  find  any  difference  in  this  respect 
between  ether  and  water  ?  What  have  you  previously  learned 
(Experiment  2,  §  125)  regarding  the  boiling  of  ether  ? 

Experiment  2. — Dampen  a  piece  of  cotton  with  water,  and 
hang  it  outside  when  the  temperature  of  the  aii-  is  below  tlie 
freezing  point.  The  cloth  will,  of  course,  freeze  stifi*.  Allow 
it  to  remain  in  this  cold  atmosphere  for  several  hours.  Does 
the  cloth  eventually  become  dry  ? 

Experiment  3. — Hold  a  dry  pane  of  glass  for  a  moment 
over  an  open  vessel  in  which  water  is  boiling.  Examine  its 
surface.  Is  it  still  dry  ?  How  do  you  reconcile  this  result 
with  that  of  Experiment  1  ?     In  one  case  a  wet  glass  becomes 
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dry,  in  the  other  a  dry  glass  becomes  wet.  What  difference  is 
there  between  the  conditions  surrounding  the  glass  in  the  one 
case  and  those  surrounding  it  in  the  other  ?  Remove  the  glass 
in  Experiment  3  away  from  the  neighbourhood  of  the  boiling 
water.  Does  it  become  dry  ?  \¥hat  surrounding  condition 
have  you  changed  in  moving  the  glass  ? 

Experiment  4. — Place  a  sheet  of  wet  glass  under  the 
receiver  of  an  air-pump  and  exhaust  the  air.  Does  the  glass 
dry  more  or  less  quickly  than  when  exposed  to  the  full  pressure 
of  the  atmosphere  ? 

Vaporisation  that  takes  place  quietly  and  slowly  at  the 
surface  of  a  liquid  is  called  evajporation.  The  converse  process, 
or  the  changing  of  vapour  to  liquid,  is  called  condensation. 

From  the  foregoing  experiments  it  is  learned  that  the 
rapidity  with  which  a  wet  surface  becomes  dry  depends 
upon  the  temperature,  upon  the  liquid  with  which  the 
surface  is  wet,  upon  the  amount  of  the  vapour  of  that 
liquid  in  the  surrounding  atmosphere,  and  upon  the 
pressure  upon  the  wet  surface.  Doubtless  evaporation 
and  condensation  are  both  going  on  at  the  same  time.  If 
the  former  exceeds  the  latter,  the  surface  w411  become 
dry.  If  the  two  are  equal,  the  surface  will  remain,  so  far 
as  we  can  see,  the  same.  If  the  latter  exceeds  the  former, 
the  surface  will  become  more  wet.  Assuming  the 
dynamical  theory  of  heat  to  be  correct,  what  effect  would 
you  expect  each  of  the  conditions — temperature,  amount 
of  vapour  in  the  surrounding  atmosphere,  and  pressure — to 
have  upon  the  rate  of  evaporation  1  What  effect  would  you 
expect  each  to  have  upon  the  rate  of  condensation  1  Are 
the  results  of  your  experiments  in  accordance  with  these  ex- 
pectations 1  You  must  bear  in  mind  that  in  each  case  you 
have  observed  not  the  result  of  the  evaporation  alone,  or  of 
the  condensation  alone,  but  the  difference  of  these  results. 

The  excess  of  condensation  over  evaporation  may  show 
itself  not  only  in  the  appearance  of  liquid  on  surfaces  in 
contact  with  the  vapour,  but  also  in  the  appearance  of 
minute  drops  of  liquid  in  the  midst  of  the  vapour,  as  in 
the  case  oi  fog  or  cloud. 
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§  128.  Dew  Point, — When  a  space  contains  such  an 
amount  of  water- vapour,  whether  it  contains  other  gases 
or  not,  that  its  temperature  cannot  be  lowered  without 
some  of  the  water  being  precipitated  in  the  form  of  a 
liquid,  the  space  is  said  to  be  saturated,  and  the  tempera- 
ture is  called  the  dew  point.  The  form  in  which  the  con- 
densed vapour  appears  is,  according  to  its  location,  deiv, 
fog,  or  cloud.  The  atmosphere  is  said  to  be  dry  or  humid, 
according  as  the  difference  between  the  dew  point  and 
the  temperature  of  the  atmosphere  is  great  or  little. 


QUESTIONS 

1.  WTiy  does  cm'  breath  lusuaUy  produce  a  cloud  iu  winter 
and  not  in  summer  ? 

2.  (a)  If  air  at  0°  is  warmed  to  20°  C. ,  how  wiU  its  dryness 
be  affected  ?  (b)  What  effect  would  such  wanned  air  have  on 
wet  clothes  ? 

3.  If  saturated  air  at  20°  is  blown  into  a  cellar  where  the 
temperatm-e  is  10°,  what  wiU  happen  ? 

4.  What  is  the  cause  of  the  general  complaint  of  dryness  of 
air  in  rooms  heated  by  stoves  or  furnaces  ? 

5.  Does  a  given  mass  of  air  in  such  a  room  contain  less 
water- vapoiu"  than  an  equal  mass  of  cold  outdoor  air  at  the 
same  time  ? 

6.  Find  the  dew  point  of  your  school  laboratory  by  the  follow- 
ing experiment :  Take  a  bright  nickel-plated  or  silver  cup  ;  pour 
into  it  a  small  quantity  of  tepid  water.  Place  in  the  water  the 
bulb  of  a  chemical  thermometer.  Gradually  reduce  the  temi^era- 
tme  of  the  water  by  stirring  into  it  ice- water  until  you  discover 
a  slight  dimness  of  the  lustre  of  that  portion  of  the  outside  of 
the  cup  next  the  water.  If  the  ice-water  does  not  reduce  the 
temperature  sufficiently,  add  ice,  keeping  the  mixture  briskly 
stirring.  If  the  ice  does  not  answer,  pom-  out  some  of  the 
water  and  sprinkle  salt  on  the  ice,  keeping  the  bulb  of  the 
thermometer  in  the  remaining  water.  Note  the  temperature 
of  the  water  at  the  instant  that  the  first  mist  or  dimnees 
appears  on  the  cup.  Wait  imtil  the  dimness  or  mist  disappears, 
and  note  the  temperature  of  the  water  when  the  last  disappears. 
Take  the  mean  of  the  two  temperatures  for  the  dew  point. 
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7.  In  this  experiment  why  is  a  cup  having  a  bright,  smooth 
surface  used  ?  What  reason  have  you  to  infer  that  the 
temperature  of  the  water  is  nearly  the  same  as  that  of  the 
atmosphere  in  contact  with  the  outside  of  the  cup  ?  Why  are 
two  observations  made,  and  the  mean  of  the  two  taken  as  the 
dew  point  ? 

8.  Why  is  a  fog  usually  found  about  an  iceberg  ? 

9.  What  examples  of  evaporation  or  of  condensation  have 
you  observed  in  nature  ? 

§  129.  Measurement  of  Heat. — Hitherto  we  have 
experimented  for  the  purpose  of  learning  facts  regarding 
temperature,  let  us  now  turn  our  attention  for  a  time  to 
the  question  of  quantity  of  heat.  For  this  purpose,  as  in 
the  case  of  all  measurements,  we  shall  require  a  unit. 
The  heat  unit  generally  adopted  is  the  quantity  of  heat 
required  to  raise  the  temperature  of  one  kilogramme  of  water 
from  0°  to  V  G.     This  unit  is  usually  called  a  calorie. 

Let  us  find  the  quantity  of  heat  required  to  melt  a 
kilogramme  of  ice  without  changing  its  temperature. 

Experiment  1.— Mix  1^  of  water  at  0°  with  l'^  at  20°  ; 
the  temperature  of  the  mixture  becomes  10°.  The  heat  that 
leaves  1^  of  water  when  it  falls  from  20°  to  10°  is  just  capable 
of  raising  1^  of  water  from  0°  to  10°. 

From  this  experiment  you  learn  this  important  truth. 
A  body,  in  cooling,  gives  to  surrounding  bodies  as  much  heat 
as  is  required  to  restore  its  oivn  temperature. 

Experiment  2. — Put  a  kilogi'amme  of  snow  or  pounded  ice 
at  0°  C.  into  a  kilogramme  of  water  at  100°  C,  and  rapidly  stir 
the  mixture  until  the  snow  is  melted.  Observe  the  temperature 
at  the  moment  the  snow  is  melted.  In  making  this  experiment 
wrap  the  vessel  in  flannel  to  prevent  communication  of  heat  to 
or  from  the  atmosphere. 

Let  a°  be  the  temperature  thus  observed.  One  kilogramme  of 
water  has  been  cooled  (100 -«°)  ;  one  kilogramme  of  ice  has 
been  melted,  and  the  resulting  kilogramme  of  water  has  been 
warmed  a°.  Therefore  (100  -  2a)  calories  have  been  required 
to  melt  one  kilogramme  of  ice. 
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Repeat  the  experiment  with  different  weights  of  water 
and  of  snow.  Taking  the  average  of  the  conclusions 
deduced  from  your  experiments,  how  many  calories  do 
you  find  are  required  to  melt  one  kilogramme  of  ice  ? 

Next,  let  it  be  required  to  find  the  amount  of  heat  that 
disappears  during  the  conversion  of  1''  of  water  into  steam. 

Experiment  3.— Place  l'^  of  water  at  0"  C.  in  a  beaker, 
and  heat  the  same  with  a  Bunsen  burner.  Note  the  time 
that  it  takes  to  raise  the  temperature  of  the  water  from  0°  C.  to 
100°  C.  Allow  the  water  to  boil  for  ten  or  twenty  minutes, 
and,  by  weighing  or  measuring  the  water  remaining,  find  how 
much  has  been  converted  into  steam.  In  making  this  experi- 
ment use  a  tall  beaker,  so  that  no  liquid  water  may  be  thrown 
out  by  the  boiling. 

How  many  calories  must  the  kilogramme  of  water  receive  to 
raise  its  temperature  from  0°  to  100°  ?  How  many  calories 
does  it  receive  per  minute  ?  Assuming  that  it  receives  heat 
from  the  flame  at  a  uniform  rate,  how  many  calories  does  it 
receive  after  it  begins  to  boil  ?  How  much  of  the  water  is 
changed  to  steam  by  this  heat  ?  At  this  rate,  how  many 
calories  of  heat  wiU  change  a  kilogramme  of  boiling  hot  water 
to  steam  ? 

Repeat  this  experiment,  and  find  the  average  of  the  results. 

Experiments  made  by  more  accurate  but  more  complicated 
methods  than  the  above  give  the  following  results  : — 

1.  TJie  amount  of  heat  thai  disappears,  or  is  expended,  in  the 
tneUing  of  one  kilograimne  of  ice  is  80  calories. 

2.  The  amount  of  heat  thai  disappears,  or  is  expended,  in  the 
conversion  of  one  kilogramme  of  water  into  steam  is  537  calories. 

If  your  experiments  are  carefully  made,  and  your  calcula- 
tions based  thereon  are  correct,  you  should  reach  conclusions 
differing  very  little  from  these. 

§  130.  Latent  Heat. — Inasmuch  as  none  of  the  heat 
applied  during  the  melting  of  ice  and  the  conversion  of 
water  into  steam  raises  the  temperature  of  the  body  to 
which  it  is  applied,  the  question  arises,  JVTiat  does  the  heat 
do  ?  Again,  IFhy  is  not  ice  instantly  converted  into  water 
on  reaching  the  melting-point,  and  water  instantly  converted 
into  steam  on  reaching  the  boiling-point  ? 
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According  to  the  dynamical  theory  of  heat,  the  answer 
to  the  first  question  is,  All  of  the  heat  applied  in  melting 
ice  is  expended  in  doing  interior  ivorh,  as  it  is  called. 
The  molecules  that  were  firmly  held  in  their  places  by 
molecular  forces  are  now  moved  from  their  places,  and 
so  work  is  done  against  these  forces,  just  as  work  is  done 
against  gravity  when  a  weight  is  lifted.  In  the  conversion 
of  water  into  steam  a  similar  action  goes  on  ;  the  heat  is 
expended  in  separating  the  molecules  still  further,  all 
except  the  small  fraction  used  in  overcoming  atmospheric 
pressure.  Heat,  the  energy  of  motion,  in  both  instances 
does  important  work,  and  is  thereby  transformed  into  the 
energy  of  position,  or  potential  energy, — energy  of  the 
same  kind  as  that  of  a  raised  w^eight. 

The  answer  to  the  second  question  is,  The  amount  of 
work  done  in  both  instances  is  great,  as  shown  by  the 
amount  of  heat  expended  in  doing  the  work  ;  80  calories 
per  kilogramme  of  ice  being  required  in  the  first  instance, 
and  537  calories  per  kilogramme  of  water  in  the  second  ; 
hence  it  requires  a  long  time  to  acquire  the  requisite 
amount  of  heat.  It  is  fortunate  that  it  takes  a  large 
quantity  of  heat  to  melt  ice  ;  otherwise,  on  a  single  warm 
day  in  winter,  all  the  ice  and  snow  would  melt,  creating 
most  destructive  freshets.  The  heat  which  disappears  in 
melting  and  boiling  is  generally,  but  with  our  present 
knowledge  of  the  subject,  rather  objectionably,  called 
latent  (hidden)  heat.  The  error  consists  in  calling  that 
lieat  which  has  ceased  to  be  heat,  i.e.  has  ceased  to  be 
molecular  motion.  If  we  should  agree  to  use  the  word 
heat  to  signify  molecular  energy  of  position  as  well  as 
of  motion,  the  expression  "latent  heat"  would  not  be 
inappropriate,  since  molecular  potential  energy  is  not 
discernible  by  means  of  our  heat  sense. 

§  131.  Artificial  Means  of  Lowering  Tempera- 
ture.—  The  fact  that  heat  must  be  expended  because 
work  is  done,  in  the  conversion  of  solids  into  liquids  and 
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liquids  into  vapours,  and  in  the  simple  expansion  of  gases 
(when  external  work  is  done  in  this  expansion),  is  turned 
to  practical  use  in  many  ways  for  the  purpose  of  obtain- 
ing a  low  temperature.     The  following  experiments  will 

illustrate  : — 

Experiment  1. — Prepare  a  mixture  of  2  parts  by  weight 
of  pulverised  ammonium  nitrate  and  1  part  of  ammonium 
chloride,  and  dissolve  in  3  parts  of  water  (not  warmer  than 
10°  C),  stirring  the  same,  while  dissolving,  with  a  small  test- 
tube  containing  a  little  cold  water.  What  is  the  result  ?  What 
temperature  is  indicated  by  a  thermometer  placed  in  the 
mixture  1 

One  of  the  most  common  freezing  mixtures  consists 
of  3  parts  snow  or  broken  ice  and  1  part  of  common  salt. 
The  affinity  of  salt  for  water  causes  a  liquefaction  of  the 
ice,  and  the  resulting  liquid  dissolves  the  salt,  both  opera- 
tions requiring  heat. 

Experiment  2.— FUl  the  palm  of  the  hand  with  ether  ; 
the  ether  quickly  evaporates,  and  what  is  the  result  ? 

Experiment  3.— Place  water  at  about  10°  C.  in  a  thin 
porous  cup,  such  as  is  used 
in  the  Grove's  batteiy,  and 
introduce  the  bulb  of  a  ther- 
mometer ;  although  the  ex- 
periment be  conducted  in  a 
warm  room,  the  large  surface 
exjrosed  by  means  of  the 
porous  vessel  will  so  hasten 
evaporation  that  in  the 
course  of  fifteen  minutes 
there  will  be  a  very  sensible 
fall  in  temperature. 

Experiment  4. —  Cover 
closely  the  bulb  of  an  air 
thermometer  (Fig.  117)  with  Pig.  117. 

thin  muslin,  and  partly  fill 

the  stem  with  water.  Let  one  j>craon  slowly  drop  other  on 
the  bulb  while  another  briskly  blows  tlie  air  chargo<l  with 
vapour  away  from  the  bulb  with  a  bellows.     (Why  ?)     Do  you 


«i^ 


214  ELEMENTS  OF  PHYSICS  chap. 

obsei've  any  evidence  of  a  lowering  of  temperature  ?     Can  you 
frieeze  the  water  in  the  stem  of  the  air  thermometer  ? 

The  following  plan  has  been  adopted  for  keeping  fresh 
meat  frozen  on  shipboard  even  in  the  tropics.  Air  is 
forced  under  great  pressure  into  strong  iron  cylinders. 
These  cylinders  and  the  contained  air  (which,  of  course, 
has  been  greatly  heated  in  being  thus  compressed)  are 
cooled  to  the  temperature  of  the  sea-w^ater  by  being  kept 
in  contact  with  it  for  a  time.  When  thus  cooled  the 
compressed  air  is  allow^ed  to  escape  into  the  compartment 
containing  the  fresh  meat,  driving  out  as  it  enters  the 
air  already  there.  The  work  done  in  driving  out  this 
air  requires  the  expenditure  of  so  much  heat  that  the 
expanding  air  is  readily  cooled  far  below  the  freezing 
point. 

By  such  a  contrivance  as  this  it  is  as  possible  to  keep 
a  house  cool  in  summer  as  it  is  to  keep  it  warm  in  winter 
by  the  burning  of  coal.  Indeed,  it  is  strange  that  in 
w^arm  countries  those  able  to  bear  the  expense  (which 
need  not  be  very  great)  have  not  made  greater  use  of  this 
means  of  keeping  their  houses  cool  during  the  hot 
months. 

QUESTIONS 

1.  Why  do  we  bathe  the  fevered  forehead  with  alcohol  and 
water  ? 

2.  How  does  perspiration  contribute  to  our  comfort  ? 

3.  Why  do  we  fan  ourselves  ? 

4.  Why  does  a  windy  day  seem  colder  to  us  than  a  still  day, 
although  the  temperature  is  the  same  on  both  days  ? 

5.  How  does  sprinkling  a  floor  cool  the  air  of  a  room  ? 

§  132.  Solidification  of  Liquids  and  Conden- 
sation of  Vapours. —  Having  learned  that  heat  dis- 
appears in  the  processes  of  fusion  and  vaporisation,  the 
question  naturally  arises,  Does  heat  appear  in  the  pro- 
cesses of  solidification  and  condensation  ? 
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Experiment  1.— Boil  about  ^  litre  of  water  in  a  glass  flask, 
and  add,  slowly,  pulverised  sodium  sulphate  until  tlie  boiling 
water  refuses  to  dissolve  more  (hot  water  will  dissolve  about 
twice  its  weight  of  this  substance).  Then  set  the  hot  solution 
in  a  place  where  it  will  not  be  disturbed,  and  let  it  stand  for 
about  24  hours,  that  it  may  acquire  the  temperature  of  the 
room.  Thrust  the  bulb  of  a  thermometer  into  the  solution, 
and  at  the  same  time  drop  in  a  lump  of  sodium  sulphate  ; 
solidification  instantly  sets  in,  and  in  a  few  seconds  the  liquid 
mass  will  be  almost  wholly  replaced  by  crystals.  At  the  same 
time,  what  change  takes  place  in  the  temperature  ?  What  does 
this  change  prove  ? 

Experiment  2.  — Place  water  at  about  1 0"  C.  in  a  bottle, 
and  introduce  a  thermometer.  SuiTound  the  bottle  with  a 
snow  and  salt  freezing  mixture,  in  which  a  thermometer  is  also 
placed.  From  what  you  have  already  learned,  what  trans- 
ference of  heat  are  you  sure  is  taking  place  so  long  as  the  con- 
tents of  the  bottle  and  the  freezing  mixture  have  different 
temperatures  ?  What  is  the  temperature  of  tlie  freezing  mix- 
ture ?  At  what  temperature  does  the  water  begin  to  freeze  ? 
Does  it  become  any  colder  after  it  begins  to  freeze  ?     Is  it  while 

freezing    as    cold     as    the  

mixture  of  snow  and  salt 
outside  ?  Have  you  any 
evidence  that  the  water 
while  freezing  is  giving  up 
heat  to  the  freezing  mixture 
without  its  own  tempera- 
ture being  lowered  in  con- 
sequence ?  Is  heat  produced 
by  the  solidification  of  the 
water  ?  After  the  water  is 
all  frozen  does  its  tempera- 
ture change  ? 

Experiment  3.  —  Ar- 
range apparatus  as  in  Fig. 
118.      Wrap  flannel  about 

the  thin  glass  beaker  C  and  pour  into  it  a  known  weight 
of  cold  water,  say  500  grammes.  Place  a  laboratory  burner 
under  A,  and  when  a  strong  jet  of  steam  issues  from  the 
delivery  tube  B  let  it  enter  the  water  in  the  beaker  C, 
having  first  carefully  noted  the  temperature  of  that  water. 


Fig.  118. 
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Carefully  and  constantly  stir  the  water  in  tlie  beaker  with  a 
thermometer.  When  the  temperature  has  risen  20°  or  30°, 
carefully  note  the  temperature  and  remove  the  delivery  tube 
from  the  beaker.  Weigh  the  water  now  in  the  beaker.  From 
your  observations  prepare  answers  to  the  following  questions  : 
What  weight  of  water  was  put  into  the  beaker  at  first  ?  By 
how  much  has  its  temperature  been  changed  ?  How  many 
calories  of  heat  are  required  to  produce  that  change  ?  What 
weight  of  steam  has  condensed  in  the  beaker  ?  How  much 
heat  has  the  water  resulting  from  this  condensation  given  out 
in  cooling  from  100°  C.  to  the  temperature  of  the  beaker  at  the 
close  of  the  experiment  ?  How  much  heat  must  have  been 
produced  by  the  condensation  of  the  steam  ?  At  this  rate  how 
much  heat  is  produced  by  the  condensation  of  one  kilogramme 
of  steam  ?  How  does  this  compare  with  the  quantity  of  heat 
already  found  necessary  (§  129)  to  change  one  kilogi'amme  of 
water  at  100°  C.  to  steam  at  the  same  temperature  ?  In  this 
experiment,  what  purpose  do  you  find  is  served  by  introducing 
the  large  piece  of  tubing  in  the  delivery-tube  ? 

From  the  last  and  other  similar  experiments  it  is 
proved  that  heat  that  is  consumed  in  liquefying  solids^  and 
in  vaporising  liquids,  is  alivays  restored  when  the  reverse 
change  takes  place.  Farmers  well  understand  that  water 
in  freezing  gives  out  a  great  deal  of  heat, — at  a  low 
temperature,  it  is  true,  but  still  high  enough  to  protect 
vegetables  which  freeze  only  when  considerably  colder 
than  melting  ice.  The  fact  that  steam  in  condensing 
generates  a  large  amount  of  heat,  is  turned  to  practical 
use  in  heating  buildings  by  steam. 

The  following  tables  embody  the  results  of  experi- 
ments made  by  Regnault,  Andrews,  and  others  : — 


Substance. 

Latent  Heat  of 

equal  weights 

of  Liquids  (Water =1). 

Water       . 

1-000 

Phosphorus 

0-063 

Sulphur     . 

0-118 

Nitrate  of  Soda 

0-794 

Nitrate  of  Potassa 

0-598 

Till  .... 

0-179 
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Substance. 

Bismuth    . 

Lead 

Zinc 

Cadmium 

Silver 

Mercury     . 


Latent  Heat  of  equal  weights 
of  Liquids  (Water = 1). 

0-159 
0-067 
0-355 
0-172 
0-266 
0-035 


Latent  Heat  of  equal  weights 
of  Vapours  (Steam =1). 

.      1-000 


Substance. 

Water       .... 

Wood  spirit 0-492 

Alcohol 0-378 

Ether 0-169 

Bisulphide  of  carbon 0-162 

Oxalic  ether 0-136 

Formic  ether 0-196 

Acetic  ether 0-173 

Iodide  of  ethyl 0-087 

Iodide  of  methyl 0-086 

Bromine 0*085 

Perchloride  of  tin 0-057 

Formiate  of  methyl 0-219 

Acetate  of  methyl 0-206 

Terchloride  of  phosphorus  .         .         .         .0-096 

It  will  be  seen  that  more  heat  is  expended  in  melting 
a  kilogramme  of  ice  than  in  melting  a  kilogramme  of  any 
other  substance.  Also  more  heat  is  required  to  vaporise 
a  kilogramme  of  water  than  is  required  to  vaporise  a 
kilogramme  of  any  other  substance.  "What  effect  has  the 
great  latent  heat  of  water  upon  the  thickness  of  the  ice 
on  our  lakes  in  winter  1  What  effect  has  the  great  latent 
heat  of  steam  upon  the  rate  of  evaporation  at  the  earth's 
surface  ?  What  effect  upon  the  rate  of  condensation,  as 
in  a  fall  of  rain  ? 

§  133.  Specific  Heat. —  Let  us  ascertain  whetlier 
the  same  quantity  of  heat  is  required  to  change,  to  the 
same  extent,  the  temperature  of  equal  weights  of  differ- 
ent substances. 
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Experiment. — Take  (say)  3008  of  sheet  lead,  and  make 
a  loose  roll  of  it,  and  suspend  it  by  a  thread  in  the  steam  just 
above  the  surface  of  boiling  water  for  about  five  minutes,  that 
it  may  acquire  the  same  temperature  (100°  C.)  as  the  steam. 
Remove  the  roll  from  the  steam,  and  immerse  it  as  quickly  as 
possible  in  3008  of  water  at  0°,  contained  in  a  thin  glass  beaker 
well  ^\Tapped  in  flannel,  and  introduce  the  bulb  of  a  thermo- 
meter. Note  the  temperature  of  the  water  when  it  ceases  to 
rise.  Move  the  lead  up  and  doA\Ti  in  the  water  by  means  of 
the  suspension  cord,  so  as  to  bring  the  lead  and  the  water  to 
the  same  temperature  as  quickly  as  possible.  From  our  obser- 
vations in  previous  experiments  we  may  be  sure  that  the  lead 
has  lost  the  same  amount  of  heat  that  the  water  has  gained. 
By  how  many  degrees  has  this  quantity  of  heat  changed  the 
temperature  of  the  300  gi-ammes  of  water  ?  By  how  many 
degrees  has  its  loss  lowered  the  temperature  of  the  300  grammes 
of  lead  ?  Has  the  lead  the  same  caimcity  for  Jicat  as  an  equal 
weight  of  water  ?  What  is  the  ratio  of  the  capacity  for  heat  of 
the  lead  to  the  capacity  for  heat  of  an  equal  weight  of  water  ? 
Find  this  ratio  in  the  case  of  zinc,  of  copper,  of  iron,  etc. 

The  ratio  of  the  capacity  for  heat  of  a  substance  A  to 
the  capacity  for  heat  of  an  equal  weight  of  water  is  called 
the  siKcijic  heat  of  the  substance  A.  It  has  been  found 
that  the  specific  heat  of  the  same  substance  is  not  exactly 
the  same  at  all  temperatures,  nor  is  the  specific  heat  of  a 
solid  usually  the  same  aa  that  of  the  same  substance  in 
liquid  or  in  a  gaseous  condition.  The  following  tables 
embody  facts  experimentally  determined  by  Dulong  and 
Petit  and  others  : — 


Substance. 

Mean  Spe 
Between  0'  and  100°  0. 

2ific  Heat. 
Between  0'  and 

Iron 

.      0-1098 

0-1218 

Mercuiy    . 
Zinc 

.      0-0330 
.      0-0927 

0-0350 
0-1015 

Antimony 
Silver 

.      0-0507 
.      0-0557 

0-0549 
0-0611 

Copper 
Platinum  . 

.      0-0949 
.     0-0355 

0-1013 
0-0355 

Glass 

.     0-1770 

0-1990 
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Specific  Heat, 

Substance. 

_              -, 

Solid. 

Liquid. 

Gaseous. 

Water  . 

0-5040 

1-0000 

0-4805 

Bromine 

.     0-0833 

0-1060 

0-0555 

Tin       .         . 

0-0562 

0-0637 

... 

Iodine  . 

0-0541 

0-1082 

... 

Lead    . 

0-0314 

0-0402 

... 

Alcohol 

... 

0-5475 

0-4534 

Bisulphide  of  carbon 

... 

0-2352 

0-1569 

Ether  . 

... 

0-5290 

0-4797 

Water  requires  more  heat  to  warm  it,  weight  for 
weight,  and  gives  out  more  in  cooling  through  a  given 
range  of  temperature,  than  any  substance  except  hydrogen. 
The  quantity  of  heat  that  raises  the  temperature  of  a 
kilogramme  of  water  from  0°  to  100°  C.  would  raise  the, 
temperature  of  a  kilogramme  of  iron  from  0°  to  800°  or 
900°  C,  or  above  a  red  heat ;  conversely,  a  kilogramme 
of  water,  in  cooling  from  100°  to  0°  C,  gives  out  as  much 
heat  as  a  kilogramme  of  iron  in  cooling  from  about  900° 
to  0°  C. 

§  134.  Causes  of  Difiference  in  Capacity  for 
Heat. — Of  the  whole  quantity  of  heat  imparted  to  a 
solid  or  liquid  body  only  a  part  goes  to  increase  the  heat 
of  the  body,  and  thereby  to  raise  its  temperature  ;  the 
remainder  performs  interior  work  in  overcoming  cohesion 
between  the  molecules  of  the  body,  and  in  forcing  them 
to  take  up  new  positions.  The  greater  the  portion  of 
heat  consumed  in  interior  work  upon  a  body  the  less 
there  is  left  to  raise  its  temperature,  and  consequently  the 
greater  its  capacity  for  heat.  Again,  considering  that 
portion  of  heat  which  does  raise  the  temperature,  since 
the  temperature,  according  to  the  dynamical  theory  of 
heat,  depends  upon  the  average  kinetic  energy  of  each 
particle  (§§  108,  109),  it  is  evident  that  the  quantity  of 
heat  required  to  raise  the  temperature  of  a  unit  mass  of 
a  substance   1°,  is   greater  the   greater  the  number  of 
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particles  in  the  unit  mass.  Thus,  much  more  heat  is 
required  to  raise  the  temperature  of  a  pound  of  water  1° 
than  to  raise  that  of  a  pound  of  lead  1°;  (1)  because 
more  interior  work  is  done  in  the  water  than  in  the  lead, 
and  (2)  because  there  are  more  particles  in  a  pound  of  water 
than  in  a  pound  of  lead.  The  study  of  chemistry  leads  to 
the  conclusion  that  there  is  between  the  atomic  weight  of 
an  element  and  its  capacity  for  heat  such  a  connection  as 
that  indicated  by  the  dynamical  theory  of  heat. 

QUESTIONS    AND    PROBLEMS 

1.  How  much  heat  is  required  to  change  100^  of  ice  at  0° 
into  steam  at  100°  C.  ? 

2.  (a)  1000"^  of  steam  at  100°  C.  is  conveyed  by  pipes 
through  a  building,  and  the  water  resulting  from  its  condensa- 
tion returns  to  the  boiler  at  a  temperature  of  80° ;  how  much 
heat  is  given  out  in  the  building  ?  (b)  The  same  quantity  of 
heat  would  raise  the  temperature  of  how  many  kilogi'ammes 
of  water  from  0°  to  100°  ? 

3.  50^  of  water  at  100°  will  melt  how  many  pounds  of  ice 
at  0°  C.  ? 

4.  How  much  heat  is  required  to  change  1^  of  ice  at  -  10° 
to  water  at  10°  C.  ? 

5.  (a)  Apply  the  same  quantity  of  heat  to  equal  Aveights  of 
ice  and  of  water,  each  at  a  temperature  of  0°  C.  ;  when  the 
latter  reaches  the  boiling  point  what  will  be  the  temperatm'e 
of  the  former  ?  (b)  AVhy  will  not  both  have  the  same  tempera- 
ture ? 

6.  What  effect  on  the  temperatiue  of  the  air  has  the 
freezing  of  the  water  of  lakes  and  other  bodies  of  water  ? 

7.  If  l'^  of  iron  at  100°  is  immersed  in  l'^  of  water  at  0° 
C,  what  will  be  the  resulting  temperature  ? 

8.  What  is  the  specific  heat  of  a  substance,  1^  of  which  at 
100°,  when  put  into  l'^  of  water,  at  0°  raises  its  temperature 
to  5°  C.  ? 

9.  50^^  of  mercury  at  80°  will  melt  what  weight  of  ice  at 
0°  C.  ? 

10.  Why  is  hot  ^vatcr  in  bottles  often  used  to  warm  beds  in 
preference  to  other  substances  ? 

11.  If  there  were  no  water  on  the  earth,  why  would  the 
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difference  in  temperature  between  day  and  night,  and  betv^'een 
summer  and  winter,  far  exceed  what  it  is  now  ? 

12.  Why  are  places  in  vicinity  of  water  less  subject  to 
extremes  of  heat  and  cold  than  places  inland  ? 

13.  In  high  latitudes,  why  have  the  western  coasts  of  the 
continents  far  milder  climates  than  the  eastern  coasts  in  the 
same  latitude  ? 

14.  Where  does  the  rain  that  falls  in  Scotland  come  from  ? 
Where  was  the  vapour  from  which  it  comes  formed  ?  In  con- 
nection with  this  vapour  and  its  condensation,  where  was  heat 
expended  ?     Where  is  heat  produced  ? 

§  135.  Mechanical  Equivalent  of  Heat. — If  the 
dynamical  theory  of  heat  is  connect,  there  evidently  must 


Fig.  119. 

be  some  definite  relation  between  the  unit  of  heat  and 
the  unit  of  mechanical  energy.  Dr.  Joule  of  Manchester 
made  numerous  and  laborious  experiments,  extending 
over  a  period  of  seven  years,  for  the  purpose  of  determin- 
ing this  connection.  He  caused  a  paddle-wheel  to  revolve 
in  water  by  means  of  a  falling  weight  attached  to  a  cord 
wound  around  the  axle  of  a  wheel,  as  represented  in  Fig. 
119.     The  resistance  offered  bv  the  water  to  the  motion 
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of  the  paddles  was  the  means  by  which  the  mechanical 
motion  of  the  weight  was  converted  into  heat,  which 
raised  the  temperature  of  the  water.  Taking  a  body  of  a 
known  weight,  e.g.  SO'^,  he  raised  it  a  measured  distance, 
e.g.  53'*^  high  ;  by  so  doing  4240^^^  of  work  were  per- 
formed upon  it,  and  consequently  an  equivalent  amount 
of  energy  was  stored  up  in  it  ready  to  be  converted,  first 
into  mechanical  motion,  then  into  heat.  He  took  a 
definite  weight  of  water  to  be  agitated,  e.g.  2\  at  a 
temperature  of  0°  C.  After  the  descent  of  the  weight, 
the  water  was  found  to  have  a  temperature  of  5°  C. ; 
consequently  the  2^  of  water  must  have  received  1 0  units 
of  heat  (careful  allowance  being  made  for  all  losses  of 
heat),  which  is  the  amount  of  heat-energy  that  is  equiva- 
lent to  4240^^  of  work,  or  1  unit  of  heat  is  equivalent  to 
424*^"*  of  work  (more  accurately  423-985^^). 

The  determination  thus  made  by  Joule  agrees  closely 
with  the  connection  between  heat  and  work  indicated  by 
an  examination  of  the  difference  between  the  quantity  of 
heat  required  to  raise  the  temperature  of  a  mass  of  air 
one  degree  when  it  is  not  allowed  to  expand,  and  the 
quantity  of  heat  required  to  raise  the  temperature  of  the 
same  mass  of  air  one  degree  when  it  is  allowed  to  expand 
so  as  to  do  external  work.  It  has  been  experimentally 
proved  that  when  air  is  allowed  to  expand  so  as  to  do  no 
external  work,  no  heat  is  expended.  Hence  air  does  no 
internal  work  in  expanding,  and  therefore  the  difference 
of  heat  mentioned  above  is  the  equivalent  of  the  external 
work  performed. 

One  of  the  most  important  discoveries  in  science  is 
that  of  the  equivalence  of  heat  and  work  ;  that  is,  that  a 
definite  quantity  of  mechanical  work  can  always  produce  a 
definite  quantity  of  heat;  and  conversely,  this  heat,  if  the 
conversion  he  complete,  can  perform  the  original  quantity  of 
work. 

§  136.    Correlation     and      Conservation      of 
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Energy. ^The  proof  of  the  facts  just  stated  was  one  of 
the  most  important  steps  in  the  establishment  of  the 
grand  twin  conceptions  of  modern  science,  (1)  That  all 
kinds  of  energy  are  so  related  to  one  another  that  energy  of 
any  hind  can  he  changed  into  energy  of  any  other  kind^ — 
known  as  the  doctrine  of  correlation  of  energy  ;  (2) 
that  when  one  form  of  energy  disappears,  an  exact  equivalent 
of  another  form  always  takes  its  place,  so  that  the  sum  total  of 
energy  in  the  universe  is  unchanged, — known  as  the  doctrine 
of  CONSERVATION  OF  ENERGY.  These  two  principles  consti- 
tute the  corner-stone  of  physical  science. 

§  137.  The  Conversion  of  Mechanical  Energy 
into  Heat, — The  conversion  of  mechanical  energy  into 
heat  is  a  very  simple  matter.  Indeed,  the  difficulty  is 
not  so  much  to  produce  this  conversion  as  to  avoid  it,  and 
to  this  intent  we  use  lubricants  to  diminish  the  friction 
of  machinery  as  much  as  possible. 

§  138.  The  Energy  stored  in  Coal. — In  our  coal 
beds  and  in  the  atmosphere  nature  has  stored  up  a  great 
fund  of  energy  in  the  form  of  potential  energy  of 
chemical  affinity,  the  particles  of  the  coal  being  separated 
from  and  having  a  great  tendency  to  unite  with  the 
particles  of  oxygen  in  the  atmosphere.  It  is  a  great 
practical  problem  with  us  to  convert  this  store  of  energy 
into  the  energy  of  mechanical  motion  for  use  in  our 
factories,  steamships,  and  railway  trains.  The  only  plan 
yet  adopted  has  been  to  convert  this  energy  into  heat  by 
burning  the  coal,  and  then  to  convert  the  heat  into 
mechanical  motion. 

§  139.  Conversion  of  Heat  into  Mechanical 
Energy. — Various  contrivances  have  been  employed  for 
the  conversion  of  heat  into  work,  such  as  the  boiler  and 
steam  engine,  the  hot  air  engine,  and  the  gas  engine. 
Owing  to  the  fact  that  ordinary  temperature  at  the  earth's 
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surface  is  so  far  above  absolute  zero  (§  121),  it  is  im- 
possible, hy  any  contrivance^  to  convert  all  of  a  given 
quantity  of  heat  into  mechanical  work.  For  example,  if 
steam  is  taken  into  an  engine  at  150°  C.  (423°  Abs.),  and 
is  exhausted  at  20°  C.  (293°  Abs.),  and  the  engine  is 
2Jerfect,  so  that  none  of  the  heat  absorbed  by  it  is  dissipated, 
but  is  all  converted  into  mechanical  work,  the  heat  con- 
verted into  mechanical  work  is  only  ~f  ^^f-^,  or  A#§  of 
the  quantity  of  heat  supplied  to  the  engine.  We  are,  in 
fact,  in  the  position  of  a  man  wishing  to  utilise  the 
energy  of  a  waterfall,  who,  from  circumstances  which  he 
cannot  possibly  control,  cannot  set  his  water-wheel  at  the 
foot  of  the  fall,  but  must  set  it  near  the  top,  and  therefore 
must  lose  the  energy  of  that  part  of  the  fall  below  his 
wheel.  As  will  be  seen,  the  efficiency  of  any  heat  engine 
is  increased  by  introducing  the  heat  at  a  higher  tempera- 
ture, or  by  discharging  it  at  a  lower  temperature.  The 
ordinary  temperature  at  the  earth's  surface  is  such  that 
the  temperature  of  discharge  cannot  be  lowered  much 
beyond  the  limit  already  attained.  The  temperature  of 
introduction  is  being  increased  as  our  artisans  advance  in 
the  mechanical  skill  necessary  for  the  production  of 
machinery  capable  of  withstanding  high  temperature  and 
great  pressure. 

§  140.  The  Steam  Engine. — Tlie  modern  steam 
engine  consists  essentially  of  an  arrangement  by  which 
steam  from  a  boiler  is  conducted  to  both  sides  of  a  piston 
alternately  ;  and  then,  having  done  its  work  in  driving 
the  piston  to  and  fro,  is  discharged  from  both  sides  alter- 
nately, either  into  the  air  or  into  a  condenser.  The 
diagram  in  Fig.  120  will  serve  to  illustrate  the  general 
features  and  the  operation  of  a  steam  engine.  The  details 
of  the  various  mechanical  contrivances  are  purposely 
omitted,  so  as  to  present  the  engine  as  nearly  as  possible 
in  its  simplicity. 

In  the  diagram,  B  represents  the  boiler,  F  the  furnace, 
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S  the  steam  pipe  through  which  steam  pcosses  from  the 
boiler  to  a  small  chamber  VC,  called  the  valve  chest.  In 
this  chamber  is  a  slide  valve  V,  which,  as  it  is  moved  to 
and  fro,  opens  and  closes  alternately  the  passages  M  and  N 
leading  from  the  valve  chest  to  the  cylinder  C,  and  thus 
admits  the  steam  alternately  to  each  side  of  the  piston  P. 


Fig.  120. 


When  one  of  these  passages  is  open  the  other  is  always 
closed.  Though  the  passage  between  the  valve  chest 
and  the  space  in  the  cylinder  on  one  side  of  the  piston  is 
closed,  thereby  preventing  the  entrance  of  steam  into  this 
space,  the  passage  leading  from  the  same  space  is  open 
through  the  interior  of  the  valve  so  that  steam  cun  escape 
from  this  space  through  the  exhaust  pipe  E.  Thus,  in 
the  position  of  the  valve  represented  in  the  diagram,  the 
passage  N  is  open,  and  steam  entering  the  cylinder  at  the 
Q 
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top  drives  the  piston  in  the  direction  indicated  by  the 
arrow.  At  the  same  time  the  steam  on  the  other  side  of 
the  piston  escapes  through  the  passage  M  and  the  exhaust 
pipe  E.  While  the  piston  moves  to  the  left,  the  valve 
moves  to  the  right,  and  eventually  closes  the  passage  N 
leading  from  the  valve  chest,  and  opens  the  passage  M 
into  the  same,  and  thus  the  order  of  things  is  reversed. 

Motion  is  communicated  by  the  piston  through  the 
piston  rod  R  to  the  crank  G,  and  by  this  means  the  shaft 
A  is  rotated.  Connected  with  the  shaft  by  means  of  the 
crank  H,  is  a  rod  R',  which  connects  with  the  valve  V, 
so  that  as  the  shaft  rotates,  the  valve  is  made  to  slide  to 
and  fro,  and  during  the  greater  part  of  the  stroke  in  the 
opposite  direction  to  that  of  the  motion  of  the  piston. 

The  shaft  carries  a  fly-ivheel  W.  This  is  a  large, 
heavy  wheel,  having  the  larger  portion  of  its  weight 
located  near  its  circumference  ;  it  serves  as  a  reservoir  of 
energy  which  is  needed  to  carry  the  shaft  past  two  points 
(called  the  dead  points)  in  each  revolution  of  the  shaft, 
where  the  j)ower  communicated  directly  by  the  steam  is 
ineffectual  in  moving  the  shaft.  It  also  assists  to  make 
the  rotation  of  the  shaft  and  all  other  machinery  connected 
with  it  uniform,  so  that  sudden  changes  of  velocity  result- 
ing from  sudden  changes  of  the  driving  power  or  of 
resistances  are  avoided.  (Why  should  the  wheel  be 
heavy  ?  Why  should  it  be  large  ?  Why  should  the  rim 
be  heavy  ?  See  §  58.)  By  means  of  a  belt  passing  over 
the  wheel  W'  motion  may  be  communicated  from  the 
shaft  to  any  machinery  desirable. 

§  141.  Condensing  and  Non- Condensing  En- 
gines.^— Sometimes  steam,  after  it  has  done  its  work  in 
the  cylinder,  is  conducted  through  the  exhaust  pipe  to  a 
chamber  Q  called  a  condenser,  where,  by  means  of  a  spray 
of  cold  water  introduced  through  a  pipe  T,  it  is  suddenly 

1  The  terms,  low  pressure  and  high  pressure  engines,  are  not 
distinctive  as  applied  to  engines  of  the  present  day. 
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condensed.  This  water  and  the  condensed  steam  must  be 
pumped  out  of  the  condenser  by  a  sjiecial  pump  called 
technically  the  air-pump  ;  thus  a  partial  vacuum  is  main- 
tained. Such  an  engine  is  called  a  condensing  engine. 
The  advantage  of  such  an  engine  is  obvious,  for,  if  the 
exhaust  pipe,  instead  of  oj^ening  into  a  condenser,  com- 
municates with  the  outside  air  as  in  the  non-condensing 
engine^  the  steam  is  obliged  to  move  the  piston  constantly 
against  a  resistance  arising  from  atmospheric  pressure  of 
15  pounds  for  every  square  inch  of  the  surface  of  the 
piston.  But  in  the  condensing  engine  no  resistance  arises 
from  atmospheric  pressure,  and  so  with  a  given  steam 
pressure  in  the  boiler  the  effective  pressure  on  the  piston 
is  considerably  increased  ;  hence,  condensing  engines  are 
usually  more  economical  in  their  working.  The  efficiency 
of  an  engine  is  also  increased  by  so  arranging  the  valves 
that  the  supply  of  steam  is  shut  off  from  the  cylinder 
before  the  stroke  of  the  piston  is  finished,  thus  allowing 
the  steam  already  introduced  to  complete  the  stroke  by 
its  own  expansion.  By  this  contrivance  the  steam  is 
cooled  within  the  engine,  and  the  heat  it  thus  loses  is 
converted  into  mechanical  work. 

By  the  best  combination  of  furnace,  boiler,  and  engine 
yet  constructed,  mechanical  energy  has  been  obtained  at 
the  rate  of  one  horse-power  per  \\  lbs.  of  coal  consumed 
per  hour.  Even  in  this  case,  only  about  \  of  the 
chemical  potential  energy  of  the  coal  and  oxygen  is 
eventually  realised  as  mechanical  energy. 

§  142.  Origin  of  Animal  Heat  and  Muscular 
Motion. — The  plant  finds  its  food  in  the  air  (principally 
the  carbon  dioxide  in  the  air)  and  in  the  earth,  in  the 
condition  of  a  fallen  weight ;  but,  by  the  agency  of  the 
sun's  radiation,  work  is  performed  upon  this  matter 
during  the  growth  of  the  plant;  potential  energy  is 
stored  in  the  plant, — the  weight  is  drawn  up.  The 
animal  now  finds  its  food  in  the  plant,  appropriates  the 
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energy  stored  in  the  plant,  and  converts  it  into  energy  of 
motion  in  the  form  of  heat  and  muscular  motion.  The 
plant,  then,  may  be  regarded  as  a  machine  for  converting 
energy  of  motion  received  from  the  sun  into  potential 
energy ;  the  animal,  as  a  machine  for  transforming  it 
again  into  the  energy  of  motion. 

§  143.  The  Sun  as  a  Source  of  Energy. — Not 
only  is  the  sun  the  source  of  the  energy  exhibited  in  the 
growth  of  plants,  as  well  as  of  the  muscular  and  heat 
energy  of  the  animal,  but  it  is  the  source,  directly  or 
indirectly,  of  very  nearly  all  the  energy  employed  by 
man  in  doing  w'ork.  Our  coal-beds,  the  results  of  the 
deposit  of  vegetable  matter,  are  vast  storehouses  of  the 
sun's  energy,  rendered  potential  during  the  growth  of  the 
plants  many  ages  ago.  Every  drop  of  w^ater  that  falls  to 
the  earth,  and  rolls  its  w^ay  to  the  sea,  contributing  its 
mite  to  the  unbounded  water-power  of  the  earth,  and 
every  wind  that  blows,  derives  its  power  directly  from 
the  sun. 

If  a  man  were  to  make  use  of  the  ocean  tides  for  driving 
machinery  he  would  be  using  energy  derived  from  what  source  ? 
By  the  friction  of  the  tides  against  the  coast  the  water  and 
land  are  warmed.  What  is  the  source  of  this  energy  ?  Is 
this  source  inexhaustible  ?  Is  it  increased  itself  from  any  other 
source  ?  If  not,  what  must  be  the  effect  of  this  continual  call 
upon  it  ?     Is  any  similar  effect  to  be  found  outside  the  earth  ? 


QUESTIONS 

1.  What  kind  of  engine  {i.e.  condensing  or  non-condensmg) 
is  that  which  produces  loud  puffs  ?  What  is  the  cause  of  the 
puffe? 

2.  Why  does  the  temperature  of  steam  suddenly  fall  as  it 
moves  the  piston  ? 

3.  What  do  you  understand  by  a  ten  horse-power  steam- 
engine  ? 

4.  Upon  what  does  the  power  of  a  steam-engine  depend  ? 
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5.  Is  the  compound  engine  a  condensing  or  a  non-condensing 
engine  ?     "Which  is  the  locomotive  engine  ? 

6.  The  area  of  a  piston  is  500  square  inches,  and  the  aver- 
age unbalanced  steam  pressui-e  is  30  pounds  per  square  inch  ; 
what  is  the  total  effective  pressure  ?  Suppose  that  the  piston 
travels  30  inches  at  each  stroke,  and  makes  100  strokes  per 
minute,  allowing  40  per  cent  for  wasted  energy,  what  power 
does  the  engine  furnish,  estimated  in  horse-powers  ? 


THE   END 
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PRO  LEGE  MANILIA.     By  Prof.  A.  S.  Wilkins,  Litt.D.    2s.  6d. 
THE  SECOND  PHILIPPIC  ORATION.     By  John  E.  B.  Mayor,  M.A.,  Professor 

of  Latin  in  the  University  of  Cambridge.    3s.  6d. 
PRO  ROSCIO  AMERINO.     By  B.  H.  Donkin,  M.A.     2s.  6d. 
PRO  P.  SESTIO.     By  Rev.  H.  A.  Holden,  Litt.D.    3s.  6d. 
SELECT  LETTERS.     Edited  by  R.  Y.  Tyrrell,  M.A.     4s.  6d. 
DEMOSTHENES.— DE  CORONA.    By  B.  Drake,  M.A.    7th  Edition,  revised  by 
E.  S.  Shuckburgh,  M.A.    3s.  6d. 
ADVERSUS  LEPTINEM.     By  Rev.  J.  R.  King,  M.  A.,  Fellow  and  Tutor  of  Oriel 

College,  Oxford.    28.  6d. 
THE  FIRST  PHILIPPIC.     By  Rev.  T.  Gwatkin,  M.A.    2s.  6d. 
IN  MIDIAM.     By  Prof.  A.  S.  Wilkins,  LittD.,  and  Herman  Hager,  Ph.D.,  of 
the  Owens  College,  Victoria  University,  Manchester.  [In  preparation. 

EURIPIDES.— HIPPOLYTUS.     By  Rev.  J.  P.  Mauakfy,  D.D.,  Fellow  of  Trinity 
College,  and  Professor  of  Ancient  History  in  the  University  of  Dublin,  and  J. 
B.  Bury,  M.A.,  Fellow  of  Trinity  College,  Dublin.     2s.  Gd. 
MEDEA.     By  A,  W.  Verrall,  LittD.,  Fellow  of  Trinity  College,  Cambridge. 

2s.  6d. 
IPHIGENIA  in  TAURIS.    By  E.  B.  England,  M.A.     3s. 
ION.    By  M.  A.  Bayfield,  M.A.,  Headmaster  of  Christ's  College,  Brecon.    2s.  6d. 
BACCHAE.  By  R.  Y.  Tyrrell,  M.A.,  Regius  Professor  of  Greek  in  the  University 
of  Dublin.  [In  preparation. 

HERODOTUS.— BOOK  III.     By  G.  C.  Macaulay,  M.A.    2s.  6d. 
BOOK  V.    By  J.  Stracuan,  M.A.,  Professor  of  Greek  in  the  Owens  College, 
Victoria  University,  Manchester.  [In  preparation. 

BOOK  VI.    By  the  same.    3s.  6d. 
BOOK  VIL     By  Mi's.  A.  F.  Butler.     3s.  6d. 
HESIOD.-THE  works  AND  DAYS.     By  W.  T.  Lendrum    M.A.,  Assistant 
Master  at  Dulwich  College.  [In  preparation. 
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HOMER. -ILIAD.     BOOKS    I.,    IX.,    XL,    XVI.-XXIV.     THB   8T0BY   OF 
ACHILLES.    By  the  late  J.  H.  Pratt,  M.  A.  and  Waltkb  Lbat,  Litt-D 
Fellows  of  Ti-inity  College,  Cambridge.    5s.  '* 

ODYSSEY.    BOOK  IX.    By  Prof.  John  B.  B.  Mayor.    28.  6d. 
ODYSSEY.    BOOKS  XXL-XXIV.    THE  TRIUMPH  OF  ODYSSEUS.     By  8 
G.  Hamilton,  B.A.,  Fellow  of  Hertford  College,  Oxford.    2s.  6d. 
HORACE.— *THE  ODES.     By  T.  E.  Page,  M.A.,  Assistaut  Master  at  the  Charter- 
house.    5s.    (BOOKS  L,  II.,  IIL,  and  IV.  separately,  28.  each.) 
THE  SATIRES.    By  Arthur  Palmer,  M.  A. ,  Professor  of  Latiu  in  the  Univenity 

of  Dublin.     5s. 
THE  EPISTLES  AND  ARS  POETICA.     By  A.  8.  Wilkins,  LittD.,  Profeaaor 
of  Latin  in  the  Owens  College,  Victoria  University,  Manchester.    6s. 
ISAEOS.— THE  ORATIONS.    By  William  Ridoeway,  M.A.,  Professor  of  Greek 
in  Queen's  College,  Cork.  [in  preparation. 

JUVENAL.— *THIRTEEN  SATIRES.    By  E.  G.  Hardy,  M.A.    5s.    The  Text  ia 
carefully  expurgated  for  School  use. 
SELECT  SATIRES.      By  Prof.  John  E.  B.  Mayor.     X.   and  XI.     8s.  M. 
XIL-XVI.     4s.  6d. 
LIVY.— *BOOKS  IL  and  III.    By  Rev.  H.  M.  Stephenson,  M.A    Ss.  6d. 
♦BOOKS  XXI.  and  XXIL    By  Rev.  W.  W.  Capes,  M.A.    With  Maps.    48.  «d. 
♦BOOKS  XXIIL  and  XXIV.     By  G.  C.  Macaulay,  M.A.    With  Maps.    Ss.  M. 
*THE  LAST  TWO  KINGS  OF  MACEDON.     EXTRACTS  FROM  THE  FOURTH 
AND  FIFTH  DECADES  OF  LIVY.      By  F.  H.  Rawuns,  M.A-,  Assistant 
Master  at  Eton.    With  Maps.     2s.  6d. 
THE  SUBJUGATION  OF  ITALY.    SELECTIONS  FROM  THE  FIRST  DECADE. 
By  G.  E.  Marindin,  M.A.  [/n  preparation. 

LUCRETIUS.— BOOKS  L-IIL       By  J.  H.  Warburton  Lee,  M.A.,  Assistant 

Master  at  Rossall.    3s.  6d. 
LYSIAS.— SELECT  ORATIONS.     By  E.  S.  Shtjckburoh,  M.A.    Ss. 
MARTIAL.— SELECT  EPIGRAMS.    By  Rev.  H.  M.  Stephenson,  M.A.    Su. 
*OVID.— FASTI.    By  G.  H.  Hallam,  M.A.,  Assistant  Master  at  Harrow.    With 

Maps.    3s.  6d. 
♦HEROIDUM  EPISTULiE  XIIL    By  B.  S.  Shtjckburoh,  M.A-    Ss.  M. 
METAMORPHOSES.    BOOKS  I.-IIL     By  C.  Simmons,  M.A.    [In  preparation, 
BOOKS  XIIL  and  XIV.     By  the  same  Editor.     Ss.  6d. 
PLATO.— LACHES.     By  M.  T.  Tatham,  M.A.    23.  6d. 
THE  REPUBLIC.     BOOKS  I.-V.     By  T.  H.   Warren,   M.A.,  PreskleDt  ot 
Magdalen  College,  Oxford.    5s. 
PLAUTUS.— MILES  GLORIOSUS.    By  R  Y.  Tyrrell,  M. A.,  Regius  ProfoHmr  of 
Greek  in  the  University  of  Dublin.     2d  Ed.,  revised.    Ss.  6d- 
AMPHITRUO.    By  ARTHxm  Palmer,  M.A.,  Professor  of  Latin  in  the  Unirenity 

of  Dublin.     Ss.  Od. 
CAPTIVI.     By  A.  R.  S.  Hallidie,  M.A.    Ss.  6d. 
PLINY.— LETTERS.     BOOKS  I.  and  II.     By  J.  CowAK,  M.A.,  AaslstaDt  MMtW 
at  the  Manchester  Grammar  School.     Ss. 
LETTERS.     BOOK  IIL     By  Prof.  John  E.  B.  Mayor.     With  Life  of  Pllny  by 
G.  H.  Rendali>,  M.A.     Ss.  6d. 
PLUTARCH.— LIFE  OF  THEMISTOKLES.  By  Rev.  H.  A.  Holden,  Lltt.D.  8a.6a. 

LIVES  OF  GALBA  AND  OTHO.     By  E.  G.  Hardy,  M.A-     58. 
POLYBIUS.— THE  HISTORY  OF  THE  ACHiEAN  LEAGUE  AS  CONTAINED  IN 

THE  KKMAINS  OF  POLYBIUS.     By  W.  W.  Capes,  M.A.    68. 
PROPERTIUS.— SELECT  POBMS.     By  Prof.  J.  P.  FoeTtfATB,  LittD..  Fellow  of 

Trinity  College,  Cambridge.     2tl  Ed.,  revised.     6s. 
SALLUST.— ^CATILINA  and  JUGURTHA.    By  C.  Merivals,  D.D.,  Deui  of  By. 

3s.  Cd.     Or  separately,  2s.  each. 
♦BELLUM  CATULIN^     By  A.  M.  Cook,  M.A.,  Assistant  Master  at  8L  P»ar« 
School.     2s.  6.1.  ,. 

JUGURTHA.    By  the  same  Editor.  lM| 
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TACITUS.— THE  ANNALS.    BOOKS  I.  and  II.    By  J.  S.  Reid,  Litt.D.  [In  prep. 
THE  ANNALS.      BOOK  VL     By  A.  J.  Chuech,  M.A.,  and  W.  J.  Brodribb, 

M.A.     2s, 
THE  HISTORIES.     BOOKS  I.  and  II.     By  A.  D.  Godlky,  M.A.,  Fellow  of 

Magdalen  College,  Oxford.     3s.  6d.     BOOKS  III.-V.    By  the  same.    3s.  6d. 
AGRICOLA  and  GERMANIA.     By  A.  J.  Church,  M.A.,  and  W.  J.  Brodribb, 
M.A.     3s.  6d.     Or  separately,  2s.  each. 
TERENCE.— HAUTON  TIMORUMENOS.     By  E.  S.  Shuckburgh,  M.A.    23.  6d 
With  Translation.     3s.  6d. 
PHORMIO.    By  Rev.  John  Bond,  M.A.,  and  Rev.  A.  S.  Walpole,  M.A.    23.  6d. 
THUCYDIDES.— BOOK  I.     By  C.  Bryans,  M.A.  [In preparation. 

BOOK  II.     By  E.  0.  Marchant,  M.A.,  Assistant  Master  at  St.  Paul's.     3s.  6d. 
BOOK  III.     By  0.  Bryans,  M.A.  [In  preparation. 

BOOK  IV.    By  G.  E.  Graves,  M.A.,  Classical  Lecturer  at  St.  John's  College, 

Cambridge.     3s.  6d. 
BOOK  V.     By  the  same  Editor.     3s.  6d. 
BOOKS  VI.  and  VII.      THE  SICILIAN  EXPEDITION.     By  Rev.  Percival 

Frost,  M.A.     With  Map.     3s.  6d. 
BOOK  VIII.     By  Prof.  T.  G.  Tucker,  Litt.D.  [In  the  Press. 

TIBULLUS.— SELECT  POEMS.    By  Prof.  J.  P.  Postoate,  Litt.D.  [In preparation. 
VIRGIL.— iENElD.      BOOKS   IL  and  IIL      THE  NARRATIVE   OF  iENBAS. 

By  E.  W.  HowsoN,  M.A.,  Assistant  Master  at  Harrow.     2s. 

XENOPHON.— *THE  ANABASIS.     BOOKS  I. -IV.     By  Profs.  W.  W.  Goodwin 

and  J.  W.  White.    Adapted  to  Goodwin's  Greek  Grammar.    With  Map.    3s.  6d. 

HELLENICA.     BOOKS  I.  and  IL    ByH.  Hailstone,  B.A.   With  Map.   2s.  6d. 

CYROP^DIA.     BOOKS  VII.  and  VIII.     By  A.  Goodwin,  M.A.,  Professor  of 

Classics  in  University  College,  London.     2s.  6d. 
MEMORABILIA  SOCRATIS.  By  A.  R.  Cluer,  B. A.,  Balliol  College,  Oxford.  53. 
HIERO.     By  Rev.  H.  A.  Holden,  Litt.D.,  LL.D.    2s.  6d. 
OECONOMICUS.     By  the  same.     With  Lexicon.     5s. 

CLASSICAL   LIBRARY. 
Texts,  Edited  with  Introductions  and   Notes,   for  the  use  of 
Advanced  Students  ;  Commentaries  and  Translations. 

.ffiSOHTLUS.— THE  SURPLICES.     A  Revised  Text,  with  Translation.     By  T. 

G.  Tucker,  Litt.D.,  Professor  of  Classical  Philology  in  the  University  of  Mel- 
bourne.   8vo.     10s.  6d. 
THE  SEVEN  AGAINST  THEBES.     With  Translation.      By  A.  W.  Verrall, 

LittD.,  Fellow  of  Trinity  College,  Cambridge,     8vo.    7s.  6d. 
AGAMEMNON.     With  Translation.     By  A.  W.  Verkalt.,  Litt.D.     8vo.     12s. 
AGAMEMNON,   CHOEPHOROi,  AND   EUMENIDES.      By  A.  O.  Prickard, 

M.A.,  Fellow  and  Tutor  of  New  College,  Oxford.    Svo.  [In  jrreparation. 

THE  EUMENIDES.     With  Verse  Translation.     By  Bernard  Drake,  M.A. 

Svo.     5s. 
ANTONINUS,   MARCUS  AURELIUS.— BOOK  IV.    OF  THE  MEDITATIONS. 

With  Translation.     Bv  Hastings  Crossley,  M.A.     Svo.    6s. 
ARISTOTLE.— THE  METAPHYSICS.     BOOK  I.     Translated   by  a  Cambridge 

Graduate.     Svo.     5s. 
THE  POLITICS.     By  R.  D.  HiCKS,  M.A.,  Fellow  of  Trinity  College,  Cambridge. 

Svo.  [In  the  Press. 

THE  POLITICS.    Translated  by  Rev,  J,  E,  0,  Welldon,  M.A.,  Headmaster  of 

Harrow.    Cr.  Svo.     10s.  6d. 
THE  RHETORIC.    Translated  by  the  same.     Cr.  Svo.    Vs.  6d. 
AN  INTRODUCTION  TO  ARISTOTLE'S  RHETORIC.     With  Analysis,  Notes, 

and  Appendices.     By  E.  M.  Cope,  Fellow  and  late  Tutor  of  Trinity  College, 

Cambridge.    Svo.     148, 
THE  ETHICS.    Translated  by  Rev.  J.  E.  C.  Welldon,  M.A.    Cr.  Svo.  [In  prep. 
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THE  SOPHISTICI  ELENCHI.    With  Translation.    By  R  Po»pb.  M.A..  PeUow 

of  Oriel  College,  Oxford.    8vo.    83.  6d. 
ON  THE  CONSTITUTION  OP  ATHENS.     Edited  by  J.  B.  8akdy»,  LlttD. 
ON  THE  CONSTITUTION  OF  ATHENS.    Translated  by  E.  Pootb,  M.A.    Cr. 

Svo,     3s,  6d. 
ON   THE    ART    OF    POETRY.      A    Lecture.      By   A.   O.   Pbickaud,  M.A., 
Fellow  and  Tutor  of  New  College,  Oxford.    Cr.  Svo.    3s.  6d. 
ARISTOPHANES.— THE   BIRDS.    Translated  into   English  Verse.     By  a  H 
Kennedy,  D.D.     Cr.  Svo.     63.     Help  Notes  to  the  Same,  for  the  Uio  of 
Students.     Is.  6d. 
ATTIC  ORATORS.— FROM  ANTIPHON  TO  ISAEOS.     By  R.  C.  J  ebb,  LittD., 
Regius  Professor  of  Greek  in  the  University  of  Cambridge.    2  vols.    8va    25s. 
BABRIUS.— With  Lexicon.     By  Rev.  W.  G.  Rdtheritord,  M.A.,  LL.D.,  Heiul- 

master  of  Westminster.     Svo.     12s.  6d. 
CICERO.- THE  ACADEMICA.     By  J.  S.  Reid,  LittD,,  Fellow  of  Cains  College, 
Cambridge.     Svo.     15s. 
THE  ACADEMICS.     Translated  by  the  same.     Svo.    5s.  M. 
SELECT  LETTERS.    After  the  Edition  of  Albert  Watsox,  M.A,    Translatctl 
by  G.  E.  Jeans,  M.A.,  Fellow  of  Hertford  College,  Oxford.    Cr.  Svo.     10a.  6.1. 
EURIPIDES.— MEDEA.     Edited  by  A.  W.  Verrall,  Litt.D.    Svo.    7s.  6d. 
IPHIGENEIA  AT  AULIS.     Edited  by  E.  B.  England,  M.A.     Svo.    7s.  6d. 
♦INTRODUCTION  TO  THE  STUDY  OF  EURIPIDES.      By  Professor  J.  P, 
Mahaffy.     Fcap,  Svo.     Is.  6d.    (Classical  Writers.) 
HERODOTUS.— BOOKS  L-IIL    THE  ANCIENT  EMPIRES  OF   THE  EAST. 
Edited  by  A.  H.  Sayce,  Deputy-Professor  of  Comparative  Philology,  Oxford. 
Svo,     163, 
BOOKS  IV.-IX.     Edited  by  R.  W.  Macan,  M.A.,  Reader  in  Ancient  History  in 
the  University  of  Oxford.     Svo.  [In  prepanUion. 

THE  HISTORY.    Translated  by  G.  C.  Macaulay,  M.A-    2  vols.    Cr.  Svo.     18s. 
HERONDAS.— HPHNAOT  MIMIAMBOL     A  First  Recension    by   Rev.   W.   O. 
Rutherford,    M.A.,    LL.D.,    Headmaster    of   Westminster,       Svo,  sewed, 
23.  net. 
HOMER,— THE  ILIAD,     By  Walter  Leaf,  LittD.    Svo.     Books  I.-XII.     Hs. 
Books  XIIL-XXIV,     148. 
THE  ILIAD,    Translated  into  English  Prose  by  Andrew  Lano,  M.A-,  Walter 

Leaf,  LittD,,  and  Ernest  Myers,  M,A.    Cr.  Svo.    12s.  6<1. 
THE   ODYSSEY.     Done  into  English  by  S.  H.  Botcher,  M.A.,  Profteaor  of 
Greek  in  the  University  of  Edinburgh,  and  Andrew  Lano,  M.A.    Or.  8tow    te. 
»INTRODUCTION  TO  THE  STUDY  OP  HOMER.    By  the  Right  Hon.  W.  K. 

Gladstone.     ISmo.     Is.    (Literature  Primers.) 
HOMERIC  DICTIONARY.    Translated  from  the  Gennan  of  Dr.  G.  Aomrnicrn 
by  R.  P.  Keep,  Ph.D.     Illustrated.     Cr.  Svo.    6h, 
HORACE.— Translated  by  J,  Lonsdale,  M.A.,  and  S.  Lee,  M.A.    Gl.  Svo.    Ss.  M. 
STUDIES,  LITERARY  AND  HISTORICAL,  IN  THE  ODEH  OF   HORACE. 
By  A.  W.  Verrall,  LittD.     Svo.   8s.  M. 
JUVENAL.— THIRTEEN  SATIRES  OF  JUVBNAU      By  John  B.   B.  MaYor, 
M.A.,  Professor  of  Latin  in  the  University  of  Cambridge.    Cr.  8vo.    i  vols. 
10s.  6d.  each.     Vol.  I.     10s.  6<l.     Vol.  IL     10s.  6d. 
THIRTEEN  SATIRES.    Translated  by  Alex.  Lkeper,  M.A.,  LIxD.,  Wanlen  of 
Trinity  College,  Melbourne.     Cr.  Svo.     38.  Od. 
KTESIAS.— THE  FRAGMENTS  OP  THE  PERSIKA  OP  KTE.SIA8.     By  Joiw 

GiLMOuE,  M.A.    Svo.    Ss.  (kl. 
LIVT.— BOOKS  L-IV.    Translated  by  Rev.  H.  M.  Stephenhos,  M.A.        [Im  jmep. 
BOOKS  XXI.-XXV.    Translated  by  A.  J.  CuuRcu,  M.A,,  and  W.  J.  Brodribb, 

M.A,     Cr,  Svo.     7s.  6d. 
•INTRODUCTION  TO  THE  STUDY  OP  LIVY.     By  Hcv.  W.  W.  Cahb.  M.A. 

Fcap.  Svo,     Is.  6d.    (C'la^^ical  n'riters.) 
LONGINUS.— ON  THE  SUBLIME.     Translate<l  by  H.  L.  Uavbix,  B.A.     Wllb 
Introduction  by  Andrew  Lano.    Cr.  Svo.    4a.  «5<l. 
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MARTIAL.— BOOKS  I.  and  II.  OF  THE  EPIGRAMS.     By  Prof.  John  E.  B. 

Mayor,  M.A.     8vo.  [In  the  Press. 

MELEAGER.— FIFTY  POEMS  OF  MELEAGER.     Translated  by  Walter  Head- 

LAM.     Fcap.  4to.     7s.  6d. 
PAUSANIAS.— DESCRIPTION    OF   GREECE.      Translated  with  Commentary 
by  J.  G.  Frazer,  M.A.,  Fellow  of  Trinity  College,  Cambridge.  [Inpre}^. 

PHRYNIOHUS.-THE  NEW  PHRYNICHUS  ;  being  a  Revised  Text  of  the  Ecloga 
of  the  Gi'ammarian  Phrynichus.    With  Introduction  and  Commentary  by  Rev. 
W.  G.  Rutherford,  M.A.,  LL.D.,  Headmaster  of  Westminster.    8vo.     18s. 
PINDAR.— THE  EXTANT  ODES  OF  PINDAR.     Translated  by  Ernest  Myers, 
M.A.     Cr.  8vo.     5s. 
THE    OLYMPIAN    AND  PYTHIAN  ODES.     Edited,   with  an  Introductory 
Essay,  by  Basil  Gildersleeve,  Professor  of  Gi'eek  in  the  Johns  Hopkins 
University,  U.S.A.     Cr.  8vo.     7s.  6d. 
THE    NEMEAN   ODES.    By  J.  B.  Bury,  M.A.,  Fellow  of  Trinity  College, 

Dublin.     8vo.     12s. 
THE  ISTHMIAN  ODES.     By  the  same  Editor.  [In  the  Press. 

PLATO.— PH^DO.     By  R.  D.  Archer-Hind,  M.A.,  Fellow  of  Trinity  College, 
Cambridge.     8vo.     8s.  6d. 
PHiEDO.     By  W.  D.  Geddes,  LL.D.,  Principal  of  the  University  of  Aberdeen. 

Svo.     8s.  6d. 
TIMAEUS.     With  Translation.    By  R.  D.  Archer-Hind,  M.A.     Svo.     16s. 
THE  REPUBLIC  OF  PLATO.    Translated  by  J.  Ll.  Davies,  M.A.,  and  D.  J. 

Vaughan,  M.A.     18mo.     4s.  6d. 
EUTHYPHRO,   APOLOGY,   CRITO,   AND    PHiEDO.      Translated   by  F.   J. 

Church.     18mo.     4s.  6d. 
PHiEDRUS,  LYSIS,  AND  PROTAGORAS.     Translated  by  J.  Wright,  M.A. 
18mo.     4s.  6d. 
PLAUTUS.— THE    MOSTELLARIA.    By  William   Ramsay,   M.A.     Edited  by 
G.  G.  Ramsay,  M.A.,  Professor  of  Humanity  in  the  University  of  Glasgow. 
8vo.     14s. 
PLINY.— CORRESPONDENCE    WITH    TRAJAN.      C.    Plinii    Caecilii    Secundl 
Epistulae  ad  Traianum  Imperatorem  cum  Eiusdem  Responsis.     By  B.   G. 
Hardy,  M.A.    8vo.     10s.  6d. 

POLYBIUS.— THE  HISTORIES  OF  POLYBIUS.     Translated  by  B.  S.  Shuck- 
burgh,  M.A.    2  vols.     Cr.  Svo.     24s. 
SALLUST.— CATILINE  AND  JUGURTHA.     Translated  by  A.  W.  Pollard,  B.  A. 

Cr.  Svo.     6s.    THE  CATILINE  (separately).     3s. 
SOPHOCLES.— (EDIPUS  THE  KING.    Translated  into  English  Verse  by  E.  D.  A. 

Morshead,  M.A.,  Assistant  Master  at  Winchester.     Fcap.  8vo.    3s.  6d. 
TACITUS.— THE  ANNALS.     By  G.  O.  Holbrooke,  M.A.,  Professor  of  Latin  in 
Trinity  College,  Hartford,  U.S.A.     With  Maps.     Svo.     16s. 
TUB  ANNALS.    Translated  by  A.  J.  Church,  M.A.,  and  W.  J.  Brodribb,  M.A. 

With  Maps.     Cr.  Svo.     7s.  6d. 
THE  HISTORIES.     By  Rev.  W.  A.  Spooner,  M.A.,  Fellow  and  Tutor  of  New 

College,  Oxford.     Svo.     16s. 
THE  HISTORY.    Translated  by  A.  J.  Church,   M.A.,  and  W.  J.  Brodribb, 

M.A.     With  Map.     Cr.  Svo.     6s. 
THE  AGRICOLA  AND  GERMANY,  WITH  THE  DIALOGUE  ON  ORATORY. 
Translated  by  A.  J.  Church,  M.A.,  and  W.  J.  Brodribb,  M.A.    With  Maps. 
Cr.  Svo.     4s.  Gd. 
^INTRODUCTION  TO  THE  STUDY  OF  TACITUS.     By  A.  J.  Church,  M.A., 
and  W.  J.  Brodribb,  M.A.     Fcap.  Svo.     Is.  6tl.    {Classical  Writers.) 
THEOCRITUS,  BION,  AND  MOSOHUS.    Translated  by  A.  Land,  M.A.     ISmo. 

4s.  Gd.     Also  an  Edition  on  Large  Paper.     Cr.  Svo.     9s. 
THUOYDIDES.— BOOK  IV.    A  Revision  of  the  Text,  Illustrating  the  Prineij)al 
Causes  of  Corru])tion  in  the  Manuscripts  of  this  Author.     By  Rev.  W.  G. 
Rutherford,  M.A.,  LL.D.,  Headmaster  of  Westminster.    8vo.     7s.  Gd. 
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BOOK  VIII.    By  H.  0.  Qoodhart,  M.A.,  FeUow  of  Trinity  College,  Gkinbridge. 

[In  th4  Prm. 

VXRG-IL.— Translated  by  J.  Lonsdale,  M.A.,  and  8.  Lee,  M.A.    G1.  8vo.    8«.  6d. 

THE  ^NEID.    Translated  by  J.  W.  Mackail,  M.A.,  Fellow  of  BalUol  College. 

.    Oxford.     Cr.  8vo.     7s.  6d. 

XENOPHON.— Translated  by  H.  G.  Dakyns,  M.  A.    In  four  vols.    Cr.  8vo.    Vol.  I., 

containing  "The  Anabasis"  and  Books  I.  and  II.  of  "The  Hellenica."    10s.  M. 

Vol.    II.    "Hellenica"  IIL-VII.,    and   the   two    Polities— "Athenian"   and 

"  Laconian,"  the  "  Agesilaus,"  and  the  tract  on  "  Revenues."    With  Maps  and 

Plans.  [In  the  Pnt*. 

GRAMMAR,  COMPOSITION,  &  PHILOLOOY. 

♦BELCHER.— SHORT  EXERCISES  IN  LATIN  PROSE  COMPOSITION  AND 
EXAMINATION  PAPERS  IN  LATIN  GRAMMAR.     Part  I.     By  Rev.   H. 
Belcher,  LL.D.,  Rector  of  the  High  School,  Dunedin,  N.Z.    ISmo.    Is.  6d. 
KEY,  for  Teachers  only.    18mo.    8s.  6d. 

*Part  IL,  On  the  Syntax  of  Sentences,  with  an  Appendix,  including  EXERCISES 
IN  LATIN  IDIOMS,  etc.    18mo.    23.    KEY,  for  Teachers  only.    18mo.    Ss. 
BLACKIE.— GREEK  AND  ENGLISH  DIALOGUES  FOR  USE  IN  SCHOOLS 
AND  COLLEGES.    By  John  Stuart  Blackie,  Emeritus  Professor  of  Greek 
in  the  University  of  Edinburgh.    New  Edition.     Fcap.  8vo.     2s.  6d. 
A  GREEK  PRIMER,  COLLOQUIAL  AND  CONSTRUCTIVE.    Cr.  8vo.    28.  M. 
*BRYANS.— LATIN  PROSE   EXERCISES  BASED  UPON  CiESAR'S  GALLIC 
WAR.     With  a  Classification  of  Cjesar's  Chief  Phrases  and  Grammatical  Notes 
on  Caesar's  Usages.     By  Clement  Bryans,  M.A.,  Assistant  Master  at  Dulwich 
College.     Ex.  fcap.  Svo.     28.  6d.     KEY,  for  Teachers  only.    4s.  6d. 
GREEK  PROSE  EXERCISES  based  upon  Thucydides.    By  the  same, 

[In  prtjtaraHon. 

COOKSON.— A  LATIN  SYNTAX.    By  Christopher  Cookson,  M.A.,  AssifiUnt 

Master  at  St.  Paul's  School.    Svo.  [In  preparation. 

CORNELL  UNIVERSITY  STUDIES  IN  CLASSICAL  PHILOLOGY.    Edited  by 

1.  Flagg,  W.  G.  Hale,  and  B.  I.  Wheeler.    I.  The  Ct'Af -Constructions :  their 
History  and  Functions.     ByW.  G.Hale.    Part  1.  Critical.     Is,  8d.  net     I'art 

2.  Constructive.    3s.  4d.  net.    II.  Analogy  and  the  Scope  of  its  Applicatiuu 
in  Language.     By  B.  I.  Wheeler.     Is.  3d.  net 

*EICKE.— FIRST  LESSONS  IN  LATIN.    By  K.  M.  Eicke,  B.A.,  Assistant  Master 

at  Oundle  School.     Gl.  8vo.    23.  Od. 
♦ENGLAND.— EXERCISES  ON  LATIN  SYNTAX  AND  IDIOM.     ARRANGED 

WITH  REFERENCE  TO  ROBY'S  SCHOOL  LATIN  GRAMMAR.     By  K. 

B.  England,  Assistant  Lecturer  at  the  Owens  College,  Victoria  University, 

Manchester.     Cr.  8vo.     23.  6d.     KEY,  for  Teachers  only.     2s.  6d. 
GILES.— A  SHORT  MANUAL  OF  PHILOLOGY  FOR  CLASSICAL  STUDENTa 

By  r.  Giles,  M.A.,  Reader  in  Cojnparative  Philology  in  the  University  of  Cam- 

bridge.     Cr.  8vo.  ('»  «*«  '"'«»*• 

GOODWIN.— Works  by  W.  W.  Goodwin,  LL.D.,  D.C.L.,  Professor  of  Greek  in 

Harvard  University,  U.S.A.  „„.,„      », 

SYNTAX  OF  THE  MOODS  AND  TENSES  OF  THE  GREEK  VERB.    New 

Ed.,  revised  and  enlarged.    Svo.     14.s. 
*A  GREEK  GRAMMAR.     Cr.  Svo.     63. 
*A  GREEK  GRAMMAR  FOR  SCHOOLS.     Cr.  Svo.    Ss.  6d. 
GREENV700D.— THE  ELEMENTS  OF  GREEK  GRAMMAR.    Adapted  to  Um 

System  of  Crude  Fonns.      By  J.  G.  Greenwood,  sometime  Prlnci}«l  of  the 

Owens  College,  Manchester.    Cr.  Svo.     68.  Cd. 
HADLEY. -ESSAYS,  PHIIX)LOGICAL  AND  CRITICAL.     By  Jamw  IiAl>UT, 

late  Professor  in  Yale  College.     8vo.     16s.  „^..  .^,c.     .«« 

HADLEY     and    ALLEN. -A   GREEK    GRAIiMAR    FOB    SCHOOLS    AND 

COLLEGES.     By  JAiwra  Hadley,  late  Professor  In  Yale  College,     i«-v»«»«« 

and  in  \m't  rewritten  by  F.  db  F.  Allen,  Professor  in   ilarvani  CXilk^r. 

Cr.  Svo.    6s. 
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HODGSON.— MYTHOLOGY  FOR  LATIN  VERSIFICATION.    A  brief  sketch  of 

the  Fables  of  the  Ancients,  prepared  to  be  rendered  into  Latin  Verse  for 

Schools.    By  F.  Hodgson,  B.D.,  late  Provost  of  Eton.    New  Ed.,  revised  by 

F.  C.  Hodgson,  M.A.    18mo.    3s. 
*JACKSON.— FIRST  STEPS  TO  GREEK  PROSE  COMPOSITION.   By  Blomfield 

Jackson,  M.A.,  Assistant  Master  at  King's  College  School.    18mo.    Is.  6d. 

KEY,  for  Teachers  only.     18mo.     3s.  6d. 
^SECOND  STEPS  TO  GREEK  PROSE   COMPOSITION,   with   Miscellaneous 

Idioms,  Aids  to  Accentuation,  and  Examination  Papers  in  Greek  Scholarship. 

By  the  same.     ISmo.     2s.  6d.     KEY,  for  Teachers  only.     18mo.     3s.  6d. 
KYNASTON.— EXERCISES    IN    THE    COMPOSITION   OF    GREEK   IAMBIC 

VERSE  by  Translations  from  English  Dramatists.     By  Rev.  H.  Kynaston, 

D.D.,  Professor  of  Classics  in  the  University  of  Durham.     With  Vocabulary. 

Ex.  fcap.  Svo.     5s. 
KEY,  for  Teachers  only.     Ex.  fcap.  8vo.    4s.  6d. 
LUPTON.— *AN   INTRODUCTION   TO   LATIN   ELEGIAC  VERSE  COMPOSI- 
TION.   By  J.  H.  LupTON,  Sur-Master  of  St.  Paul's  School.     Gl.  Svo.    23.  6d. 

KEY  TO  PART  II.  (XXV.-C.)    Gl.  Svo.    3s.  6d. 
*AN  INTRODUCTION  TO  LATIN  LYRIC  VERSE   COMPOSITION.     By  the 

same.     Gl.  Svo.     3s.     KEY,  for  Teachers  only.     Gl.  Svo.     4s.  6d. 
MACKIE.— PARALLEL    PASSAGES    FOR    TRANSLATION    INTO    GREEK 

AND  ENGLISH.     With  Indexes.     By  Rev.  Ellis  C.  Mackie,  M.A.,  Classical 

Master  at  Heversham  Grammar  Scliool.     Gl.  Svo.     4s.  6d. 
"MACMILLAN.— FIRST    LATIN    GRAMMAR.      By  M.   C    Macmillan,    M.A. 

Fcap.  Svo.     Is.  6d. 

MACMILLAN'S  GREEK  COURSE.— Edited  by  Rev.  W.  G.  Rutherford,  M.A., 
LL.D.,  Headmaster  of  Westminster.     Gl.  Svo. 
*FIRST  GREEK  GRAMMAR— ACCIDENCE.     By  the  Editor.     2s. 
*FIRST  GREEK  GRAMMAR— SYNTAX.     By  the  same.     2s. 
ACCIDENCE  AND  SYNTAX.     In  one  volume.     3s.  6d. 
*EASY  EXERCISES  IN  GREEK  ACCIDENCE.     By  H.  G.  Underbill,  M.A., 

Assistant  Master  at  St.  Paul's  Preparatory  School.     23. 
*A  SECOND   GREEK   EXERCISE    BOOK.     By    Rev.    W.  A.    Heard,    M.A., 
Headmaster  of  Fettes  College,  Edinburgh.     2s.  6d. 
EASY  EXERCISES   IN   GREEK    SYNTAX.      By  Rev.   G.    H.   Nall,   M.A., 
Assistant  Master  at  Westminster  School.  [In  preparation. 

MANUAL  OF  GREEK  ACCIDENCE.     By  the  Editor.  [In  preparation. 

MANUAL  OF  GREEK  SYNTAX.     By  the  Editor.  [In  preparation. 

ELEMENTARY  GREEK  COMPOSITION.     By  the  Editor.         [In  preparation. 
*MACMILLAN'S  GREEK  READER.— STORIES  AND  LEGENDS.    A  First  Greek 
Reader,  with  Notes,  Vocabulary,  and  Exercises.     By  F.  H.  Colson,    M.A., 
Headmaster  of  Plymouth  College.    Gl.  Svo.     3s. 
MACMILLAN'S  LATIN  COURSE.— By  A.  M.  Cook,  M.A.,  Assistant  Master  at 
St.  Paul's  School. 
*  FIRST  PART.     Gl.  Svo.     3s.  6d. 

•SECOND  PART.    2s.  6d.  [Third  Part  in  preparation. 

•MACMILLAN'S  SHORTER  LATIN  COURSE.— By  A.  M.  Cook,  M.A.     Being  an 
abridgment  of  "Macmillau's  Latin  Course,"  First  Part.     Gl.  Svo.     Is.  6d. 
KEY.  [In  the  Press. 

•MACMILLAN'S  LATIN  READER.— A  LATIN  READER  FOR  THE  LOWER 
FORMS  IN  SCHOOLS.  By  H.  J.  Hardy,  M.A.,  Assistant  Master  at  Win- 
chester. Gl.  Svo.  2s.  6d. 
•MARSHALL.— A  TABLE  OF  IRREGULAR  GREEK  VERBS,  classified  according 
to  the  arrangement  of  Curtius's  Greek  Grammar.  By  J.  M.  Marshall,  M.A., 
Headmaster  of  the  Grammar  School,  Durham.     Svo.     Is. 

MAYOR.— FIRST  GREEK  READER.    By  Prof.  John  E.  B.  Mayor,  M.A.,  Fellow 
of  St.  John's  College,  Cambridge.     Fcap.  Svo.    4s.  6d. 
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MAYOR.-GRBEK  FOR  BEGINNERS.    By   Rev.  J.  B.  Mayor,  M.A.,  Utc 

J>rofessor  of  Classical  Literature  in  King's  College,  London.     Part  I     with 

Vocabulary.  Is.  6d.    Parts  II.  and  IIL,  with  Vocabulary  and  Index.     Pcap. 

8vo.     8s.  6d.     Complete  in  one  Vol.    4s.  6d, 
NIXON.— PARALLEL  EXTRACTS,  Arranged  for  Translation  into  English  and 

Latin,  with  Notes  on  Idioms.    By  J.  E.  Nixon,  M.A.,  Fellow  and  Claaslcal 

Lecturer,   King's  College,   Cambridge.     Part  I.— Historical  and  Kuiatolary, 

Cr.  8vo.     3s.  6d.  ' 

PROSE  EXTRACTS,  Arranged  for  Translation  into  English  and  Latin,  with 

General  and  Special  Prefaces  on  Style  and  Idiom.   By  the  same.    I.  Oratorical. 

II.   Historical.     III.   Philosophical.     IV.   Anecdotes  and  Letters.    8d  Bd., 

enlai-ged  to  280  pp.    Cr.  8vo.    4s.  6d.    SELECTIONS  FROM  THE  SAMS.    Ss. 
Translations  of  about  70  Extracts  can  be  supplied  to  Schoolmasters  (2a.  6d.X 

on  application  to  the  Author:  and  about  40  similarly  of  "Parallel  Bxtracta." 

Is.  6d.  post  free. 
*PANTIN.— A  FIRST   LATIN  VERSE   BOOK.     By  W.    B.   P.   Pawtin,  M.A., 

Assistant  Master  at  St.  Paul's  School,     Gl.  8vo.     Is.  Od. 
*PEILE.— A  PRIMER  OF  PHILOLOGY.     By  J.  Pbile,  LittD.,  Master  of  Christ's 

College,  Cambridge.     18mo.     Is. 
»POSTGATE.— SERMO  LATINUS.     A  short  Guide  to  Latin  Prose  Composition. 

By  Prof.  J.  P.  PosTGATE,  Litt.D.,  Fellow  of  Trinity  College,  Cambridge.    01. 

8vo,     2s.  6d.     KEY  to  "  Selected  Passages."    Gl.  8vo.    Ss.  6d. 
POSTGATE  and  VINCE.— A  DICTIONARY  OF   LATIN    ETYMOLOGY.      By 

J.  P.  PosTGATE  and  C.  A.  Vince.  [In  preparation. 

POTTS.— *HINTS  TOWARDS  LATIN  PROSE  COMPOSITION.    By  A.  W.  Pom, 

M.A.,  LL.D.,  late  Fellow  of  St.  John's  College,  Cambridge.    Ex.  fcap.  Svo.   38. 
*PASSAGES  FOR  TRANSLATION  INTO  LATIN  PROSE.  Editctl  with  Notes  and 

References  to  the  above.   Ex.  fcap.  Svo.   2s.  (kl.    KEY,  for  Teachers  only.  2h.(J^. 
*PBESTON.— EXERCISES  IN  LATIN  VERSE  OF  VARIOUS  KINDS.     By  Rev. 

G.  Preston.     Gl.  Svo.     23.  6d.     KEY,  for  Teachers  only.    Gl.  Svo.    58. 
REID.— A  GRAMMAR  OF  TACITUS.     By  J.  S.  Reid,  LittD.,  Fellow  of  Oaius 

College,  Cambridge.  [In  the  Fm*. 

A  GRAMMAR  OF  VIRGIL.     By  the  same.  [In  preparation. 

ROBY.— Works  by  H.  J.  Roby,  M.A.,  late  Fellow  of  St.  John's  College,  Cambridge. 

A  GRAMMAR  OF  THE  LATIN  LANGUAGE,  from  Plautus  to  Suetonius.     Part 

I.      Sounds,  Inflexions,  Word -formation,  Ai>pendice8.   Or.  Svo.    ita.    Part  H. 

Syntax,  Prepositions,  etc.     10s.  6d. 
^SCHOOL  LATIN  GRAMMAR.     Cr.  Svo.    58. 

AN  ELEMENTARY  LATIN  GRAMMAR.  [In  tht  Prm. 

*RUSH.— SYNTHETIC  LATIN  DELECTUS.    With  Notes  and  Vocabulary.    By  K. 

Rush,  B.A.    Ex.  fcap.  Svo.    28.  6d. 
*RUST.— FIRST  STEPS  TO  LATIN  PROSE  COMPOSITION.    By  Rev.  G.  Rir*T. 

M.A.    ISmo.    Is.  Gd.    KEY,  for  Teachers  only.    ByW.  M.  Yatks.    ISmo.   3a.  6d. 
RUTHERFORD.- Works  by  the  Rev.  W.  G.  RoTHERroRO,  M.A,  LUD.,  Head- 
master of  Westminster. 
REX  LEX.     A  Short  Digest  of  the  princiiial  Relations  between  the  Imtin, 

Greek,  and  Anglo-Saxon  Sounds.    Svo.  [In  pnpartUiom, 

THE  NEW  PHRYNICHUS;  being  a  Revise<l  Text  of  Uie  Bclo^  of  tba  Oram- 

marian  Phrynichus.     With  Introduction  and  Commentary.    Svo.     18a.    (Bm 

also  Macmillan's  Greek  Course.) 
SCHOLIA  ARISTOPHANICA ;  being  such  Comments  and  Adscripts  to  the  fetxt 

of  Aristophanes  as  are  preserved  iu  the  Codex  Ravennas,  arrangpil,  em«nde«i, 

an.l  traiisliited.    Svo.  (/»  <A«  Prw. 

SHUCKBURGH.— PASSAGES  FROM  I.ATIN  AUTHORS  FOR  TRANSLATION 

INTO  ENGLISH.    Selected  with  a  view  to  the  needs  of  Candidate*  for  the 

Cambridge  Local,  and  Public  Schools'  Examinations.     By  E,  8.  Suuckbomjh, 

M.A.     Cr.  Svo.     23. 
^SIMPSON.  — LATIN  PROSE  AFTER  THE  BEST  AUTHORS:  Oeearian  Proee. 

By  F.  P.  Simpson,  B.A.     Ex.  fcap.  Svo.    28.  M.    KEY,  for  Teaehen  only. 

Ex.  fcap.  Svo.    6s. 
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STRAOHAN  and  WILKINS.— ANALECTA.    Selected  Passages  for  Translation. 

By  J.  S.  Strachan,  M.A.,  Professor  of  Greek,  and  A.  S.  Wilkins,  Litt.D., 

Professor  of  Latin  in  the  Owens  College,  Manchester.     Cr.  8vo.     5s.     KEY  to 

Latin  Passages.     Cr.  8vo.    Sewed,  6d.     KEY  to  Greek  Passages.     Sewed,  Gd. 

THRING.— Works  by  the  Rev.  B.  Thring,  M.A.,  late  Headmaster  of  Uppingham. 

A  LATIN  GRADUAL.  A  First  Latin  Construing  Book  for  Beginners.  With 
Coloured  Sentence  Maps.     Fcap.  8vo.     2s.  Gd. 

A  MANUAL  OP  MOOD  CONSTRUCTIONS.     Fcap.  8vo.     Is.  6d. 
*WELCH    and    DUFFIELD.  —  LATIN    ACCIDENCE    AND    EXERCISES    AR- 
RANGED   FOR    BEGINNERS.      By   W.    Welch    and    C.    G.    Duffield, 
Assistant  Masters  at  Cranleigh  School.     ISmo.     Is.  6d. 
WHITE.— FIRST  LESSONS  IN  GREEK.    Adapted  to  Goodwin's  Greek  Gram- 
mar, and  designed  as  an  introduction  to  the  Anabasis  of  Xenophon.      By 
John  Williams  White,  Assistant  Professor  of  Greek  in  Harvard  University, 
U.S.A.    Cr.  Svo.    3s.  6d. 
WRIGHT.— Works  by  J.  Wright,  M.A.,  late  Headmaster  of  Sutton  Coldfield  School. 

A  HELP  TO  LATIN  GRAMMAR ;  or,  the  Form  and  Use  of  Words  in  Latin, 
with  Progressive  Exercises.     Cr.  Svo.    4s.  6d. 

THE  SEVEN  KINGS  OF  ROME.  An  Easy  Narrative,  abridged  from  the  First 
Book  of  Livy  by  the  omission  of  Difficult  Passages  ;  being  a  First  Latin  Read- 
ing Book,  with  Grammatical  Notes  and  Vocabulary.     Fcap.  Svo.     3s.  M. 

FIRST  LATIN  STEPS;  or,  AN  INTRODUCTION  BY  A  SERIES  OF 
EXAMPLES  TO  THE  STUDY  OF  THE  LATIN  LANGUAGE.    Cr.  Svo.    3s. 

ATTIC  PRIMER.     Arranged  for  the  Use  of  Beginners.     Ex.  fcap.'Svo.     2s.  6d. 

A  COMPLETE  LATIN  COURSE,  comprising  Rules  with  Examples,  Exercises, 
both  Latin  and  English,  on  each  Rule,  and  Vocabularies.    Cr.  Svo.     2s.  6d. 
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ARNOLD.— A  HISTORY  OF  THE  EARLY  ROMAN  EMPIRE.   By  W.  T.  Arnold, 

M.A.  [In  preparation. 

ARNOLD.— THE  SECOND  PUNIC  WAR.     Being  Chapters  from  THE  HISTORY 

OF  ROME  by  the   late    Thomas    Arnold,   D.D.,    Headmaster   of   Rugby. 

Edited,  witli  Notes,  by  W.  T.  Arnold,  M.A.    With  S  Maps.    Cr.  Svo.     5s. 

*BEESLY.— STORIES  FROM  THE    HISTORY  OF  ROME.     By  Mrs.  Beesly. 

P'cap.  Svo.     2s.  6d. 
BLACKIE.— HORiE  HELLENICiE.     By  John  Stuart  Blackie,  Emeritus  Pro- 
fessor of  Greek  in  the  University  of  Edinburgh.    Svo.    12s. 
BURN.— ROMAN  LITERATURE  IN  RELATION  TO  ROMAN  ART.     By  Rev. 
Robert  Burn,  M.A.,  late  Fellow  of  Trinity  College,  Cambridge.    Illustrated. 
Ex.  cr.  Svo.    14s. 
BURY.— A  HISTORY  OF  THE  LATER  ROMAN  EMPIRE  FROM  ARCADIUS 
TO  IRENE,  A.D.  395-SOO.    By  J.  B.  Bury,  M.A.,  Fellow  of  Trinity  College, 
Dublin.     2  vols.     Svo.     32s. 
BUTCHER.— SOME  ASPECTS  OF  THE  GREEK  GENIUS.     By  S.  H.  Bcttcher, 
M.A.,  iProfessor  of  Greek,  Edinburgh.     Cr.  Svo.  [7ft  the  Press. 

♦CLASSICAL  WRITERS.— Edited  by  John  Richard  Green,  M.A.,  LL.D.    Fcap. 
Svo.     Is.  6d.  each. 
SOPHOCLES.     By  Prof.  L.  Campbell,  M.A. 
EURIPIDES.     By  Prof.  Mahaffy,  D.D. 
DEMOSTHENES.     By  Prof.  S.  H.  Butcher,  M.A. 
VIRGIL.    By  Prof.  Nettleship,  M.A. 
LIVY.    By  Rev.  W.  W.  Capes,  M.A. 

TACITUS.     By  Prof.  A.  J.  Church,  M.A.,  and  W.  J.  Brodribb,  M.A. 
MILTON.    By  Rev.  Stopfobd  A.  Brooke,  M.A. 
DYER.— STUDIES  OF  THE  GODS  IN  GREECE  AT  CERTAIN  SANCTUARIES 
RECENTLY  EXCAVATED,    By  Louis  Dyer,  B.  A.     Ex.  Cr.  Svo.     8s.  6d.  net. 
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FREEMAN.-Works  by  Edward  A.  Frekman,  D.C.L..  LL.D.,  ReeJus  Profonor  of 

Modern  History  in  the  University  of  Oxford.  b"»*«viwwrwi 

HISTORY  OF  ROME.  (Historical  Course /or  Schools.)  18ino.  llnpnmniUm. 
HISTORY  OP  GREECE.  (Hutarical  Course  forikhooL)  18ino.  [InmSSS^ 
A  SCHOOL  HISTORY  OF  ROME.     Cr.  8vo.  /n  JrSKSSI^ 

HISTORICAL  ESSAYS.    Second  Series.     [Greek  and  Roman  HistoiyJ     avo! 

10s.  6a. 

<^'^NER.-SAMOS  AND  SAMIAN  COINS.     An  Essay.     By  Percy  Oardker. 

Litt.D.,  Professor  of  Archaeology  in  the  University  of  Oxford.    8vo.    78  6d 
GEDDES.-THE  PROBLEM  OF  THE  HOMERIC  POEMS.    By  W.  D.  Gkoois 
Principalof  the  University  of  Aberdeen.     8vo.     14s.  ' 

GLADSTONE.— Works  by  the  Rt.  Hon.  W.  E.  Gladstone,  M.P. 
THE  TIME  AND  PLACE  OF  HOMER.    Cr.  8vo.    6s.  6d. 
LANDMARKS  OF  HOMERIC  STUDY.     Cr.  8vo.     28.  6d. 
»A  PRIMER  OF  HOMER.     ISmo.     Is. 
QOW.— A  COMPANION   TO  SCHOOL  CLASSICS.     By  Jamb   Gow,   Lltt-D. 
Master  of  the  High  School,  Nottingham.    With  Illustrations.    2d  Ed.,  revised! 
Cr.  8vo.    6s. 
HARRISON  and  VERRALL.— MYTHOLOGY  AND  MONUMENTS  OF  ANCIENT 
ATHENS.      Translation  of  a  portion   of  the   ''Attica"   of  Pansanias.      By 
Margaret  de  G.   Verrall.      With    Introductory  Essay  and  Archsological 
Commentary  by  Jane  E.  Harrison.      With  Illustrations  and  Plana.     Cr. 
8vo.     168. 
JEBB.— Works  by  R.  C.  Jebb,  Litt.D.,  Professor  of  Greek  in  the  University  of 
Cambridge. 
THE  ATTIC  ORATORS  FROM  ANTIPHON  TO  ISABOS.    2  vols.    8to.    26s. 
*A  PRIMER  OF  GREEK  LITERATURE.     18mo.     Is. 
(See  also  Classical  Series.) 
KIEPERT.— MANUAL  OF  ANCIENT  GEOGRAPHY.     By  Dr.   H-  Kiepibt. 

Cr.  8vo.     5s. 
LANCIANI.— ANCIENT  ROME  IN  THE  LIGHT  OF  RECENT  DISOOVERIBii 
By  RoDOLFO  Lanciani,  Professor  of  Archa;ology  in  the  University  of  Rome 
Illustrated.    4to.     24s. 
LEAF.— INTRODUCTION  TO  THE  ILIAD  FOR  ENGLISH  READERS.     By 
Walter  Leak,  Litt.D.  [In  preparation. 

M AH AFFY.— Works  by  J.  P.  Mahafft,  D.D.,  Fellow  of  Trinity  CoUege,  Dublin. 
and  Professor  of  Ancient  History  in  the  University  of  Dublin. 
SOCIAL  LIFE  IN  GREECE  ;  from  Homer  to  Menandcr.    Cr.  8vo.    98. 
GREEK  LIFE  AND  THOUGHT;  from  the  Age  of  Alexander  to  the  Ruouui 

Conquest.     Cr.  8vo.     128.  6d. 
THE  GREEK  WORLD  UNDER  ROMAN  SWAY.     From  Plutarch  to  Polybiu*. 

Cr.  Svo.     10s.  6d. 
RAMBLES  AND  STUDIES  IN  GREECE.     With  Illustrations.     WiUi  Map. 

Cr.  Svo.     lOs.  6d. 
A  HISTORY  OF  CLASSICAL  GREEK  LITERATURE.     Cr.  Svo.     Vol.  I.     In 
two  parts.    Part  I.   Epic  and  Lyric  I'oets,  with  an  Appwndix  on  liomer  by  I*rof. 
Sayce.     Part  II.  Dramatic  Poets.     Vol.  II.  The  Pro.H4!  Writers.     In  two  ijariii. 
Part  I.  Herodotus  to  Plato.     Part  II.   Isfx-rates  to  Ari.stotlo.     -lii.  M.  each. 
*A  PRIMER  OF  GREEK  ANTIQUITIES.     With  lUustrationM.     ISnio.     Is. 
*EURIPIDES.     ISmo.     Is.  6d.    (Classical  Writers.) 
MAYOR.— BIBLIOGRAPHICAL    CLUE    TO    LATIN    LITERATURE.     E«1lt«d 

after  HUbner.     By  Prof.  Joim  B.  B.  Mayor.    Cr,  Svo.     10s.  M. 
NEWTON.— ESSAYS  ON  ART  AND  ARCHAEOLOGY.    By  Sir  Ciiaruh  Nkwtox. 

K.C.B.,  D.C.L.     Svo.     128.  6d. 
PHILOLOGY.- THE  JOURNAL  OF  PHIIX)LOGY.    Edited  by  W.  A.  WRiniiT. 
M.A.,   I.   Bywater,   M.A.,  and    H.  Jack80N,   LittD.      itt.  M.  cad*  (UalT* 
yeai-ly). 
SAYCE.— THE  ANCIENT  EMPIRES  OF  THE  EAST.    By  A.  II.  Satcb,  M.A., 
Deputy-Professor  of  Comparative  Philology,  Oxford.    Cr.  8ro.    te. 
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SCHMIDT  and  WHITE.  AN  INTRODUCTION  TO  THE  RHYTHMIC  AND 
METRIC  OF  THE  CLASSICAL  LANGUAGES.  By  Dr.  J.  H.  Heinricu 
Schmidt.    Translated  by  John  Williams  White,  Ph.D.    8vo.     10s.  6(1. 

SHUCHHARDT.— DR.  SCHLIBMANN'S  EXCAVATIONS  AT  TROY,  TIRYNS, 
MYCBNiE,  ORCHOMENOS,  ITHACA,  presented  in  the  light  of  recent  know- 
ledge. By  Dr.  Carl  Shuchhardt.  Translated  by  Eugenie  Sellers.  Intro- 
duction by  Walter  Leaf,  Litt.D.     Illustrated.     8vo.     I8s.  not. 

SHUCKBURGH.— A  SCHOOL  HISTORY  OF  ROME.  By  E.  S.  Shuckburgh, 
M.A.     Cr.  8vo.  [In  preparation. 

*STEWART.— THE  TALE  OF  TROY.  Done  into  English  by  Aubrey  Stewart. 
Gl.  Svo.    3s.  6d. 

*TOZER.— A  PRIMER  OF  CLASSICAL  GEOGRAPHY.  By  H.  F.  Tozer,  M.A. 
18mo.     Is. 

WALDSTEIN.— CATALOGUE  OF  CASTS  IN  THE  MUSEUM  OF  CLASSICAL 
ARCHAEOLOGY,  CAMBRIDGE.  By  Charles  Waldstein,  University  Reader 
in  Classical  Archaeology.     Cr.  8vo.     Is.  6d. 

*^^*  Also  an  Edition  on  Large  Paper,  small  4to.    5s. 

WELKINS.— Works  by  Prof.  Wilkins,  Litt.D.,  LL.D. 
*A  PRIMER  OF  ROMAN  ANTIQUITIES.     Illustrated.     18mo.    Is. 
*A  PRIMER  OF  ROMAN  LITERATURE.     18mo.     Is. 

WILKINS  and  ARNOLD. —A  MANUAL  OF  ROMAN  ANTIQUITIES.  By 
Prof.  A.  S.  Wilkins,  Litt.D.,  and  W.  T.  Arnold,  M.A.     Cr.  Svo.    Illustrated. 

[In  preparation. 

MODERN   LANGUAGES   AND 
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English ;  Frencli ;  German ;  Modem  Greek ;  Italian ;  Spanish. 
ENGLISH. 

*ABBOTT.— A  SHAKESPEARIAN  GRAMMAR.  An  Attempt  to  Illustrate  some 
of  the  Differences  between  Elizabethan  and  Modern  English.  By  the  Rev.  E. 
A.  Abbott,  D.D.,  formerly  Headmaster  of  the  City  of  London  School.  Ex. 
fcap.  Svo.     6s. 

*BACON.— ESSAYS.  With  Introduction  and  Notes,  by  F.  G.  Selby,  M.A.,  Profes- 
sor of  Logic  and  Moral  Philosophy,  Deccan  College,  Poona.  Gl.  8vo.  8s. ; 
sewed,  2s.  6d. 

*BURKE.— REFLECTIONS  ON  THE  FRENCH  REVOLUTION.  By  the  same. 
Gl.  8vo.     5s. 

BROOKE.— *PRIMER  OF  ENGLISH  LITERATURE.     By  Rev.   Stopford  A. 
Brooke,  M.A.    ISmo.     Is. 
EARLY  ENGLISH  LITERATURE.  By  the  same.  2vols.  8vo.  [Vol.1.  In  the  Press. 

BUTLER.— HUDIBRAS.  With  Introduction  and  Notes,  by  Alfred  Milnes, 
M.A.     Ex.  fcap.  Svo.     Part  I.    3s.  6d.     Parts  II.  and  HI.    4s.  6d. 

CAMPBELL.— SELECTIONS.  With  Introduction  and  Notes,  by  Cecil  M.  Barrow, 
M.A.,  Principal  of  Victoria  College,  Palghftt.    Gl.  8vo,  [In  preparation. 

COLLINS.— THE  STUDY  OF  ENGLISH  LITERATURE  :A  Plea  for  its  Recognition 
and  Organisation  at  the  Universities.     By  J.  Chukton  Collins,  M.A.    Cr.  Svo. 

COWPER.— *THE  TASK  :  an  Epistle  to  Joseph  Hill,  Esq.  ;  Tirocinium,  or  a  Re- 
view of  the  Schools  ;  and  The  History  of  John  Gilpin.    Edited,  with  Notes, 
by  W.  Benham,  B.D.     Gl.  Svo.    Is.    (Globe  Readings  from  Standard  Authors.) 
THE  TASK.    With  Introduction  and  Notes,  by  F.  J.  Rowe,  M.A.,  and  W.  T. 
Webb,  M.A.,  Professors  of  English  Literature,  Presidency  College,  Calcutta. 

[hi  preparation. 

*DOWDEN.— A  PRIMER  OF  SHAKESPERB.    By  Prof.  Dowden.     18rao.     Is. 

DRYDEN.— SELECT  PROSE  WORKS.  Edited,  with  Introduction  and  Notes,  by 
Prof.  C.  D.  YoNQE.     Fcap.  Svo.    2s.  6d. 
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'GLOBE  READERS.    For  Standards  I. -VI.    Edited  by  A.  F.  Murison.   lUoatxmted. 


Primer   I.    (48  pp.)  3d. 

Primer  II.    (48  pp.)  3d. 

Book       I.  (132  pp.)  6d. 

Book     II.  (136  pp.)  9d. 


"THE  SHORTER  GLOBE  READERS.— Illustrated.    Gl.  Svo. 


Book  III.  (232  pp.)  lg.8d. 

Book  IV.  (328  pp.)  If.  M. 

Book    V.  (408  pp.)  28. 

Book  VI.  (436  pp.)  25.  6d. 


Primer       I.    (48  pp.)  3d. 

Primer     II.    (48  pp.)  8d. 

Standard    I.    (90  pp.)  6d. 

Standard  II.  (124  pp.)  9d. 


Standard  III.  (178  pp.)  Is. 

Standard  IV.  (182  pp.)  Is. 

Standard     V.  (216  pp.)  Is.  8d. 

Standard  VI.  (228  pp.)  Is.  6d. 


♦GOLDSMITH.— THE  TRAVELLER,  or  a  Prospect  of  Society  ;  and  Thb  Di 

Village.    With  Notes,  Philological  and  Explanatory,  by  J.  W.  Hales,  H  A, 
Or.  Svo.     6d. 
*THE  TRAVELLER  AND  THE  DESERTED  VILLAGE.    With  Introduction  and 
Notes,  by  A.  BARBErx,  B.A.,  Professor  of  English  Literature,  Elphinstone 
College,  Bombay.    Gl.  8vo.    Is.  9d. ;  sewed,  Is.  6d.    The  Traveller  (seivaratelyX 

XSa)  S6W6C1* 

*THE  VICAR  OP  WAKEFIELD.     With    a   Memoir  of   Goldsmith,   by  Prof. 

Masson.     Gl.  Svo.     Is.     (Globe  Readings  from  Standard  Authors.) 
SELECT  ESSAYS.     With   Introduction  and   Notes,   by  Prof.  C.  D.  Yonoe. 
Fcap.  Svo.     2s.  6d. 
GOSSE.— A  HISTORY  OP  EIGHTEENTH  CENTURY  LITERATURE  (1060.17801 

By  Edmund  Gosse,  M.A.     Cr.  Svo.     78.  6d. 
*GRAY.— POEMS.    With  Introduction  and  Notes,  by  John  Bramhaw,  LL.D 

Gl.  Svo.    Is.  9d. ;  sewed,  Is.  6d. 
*HALES.— LONGER  ENGLISH  POEMS.     With  Notes,  Philological  and  Explana- 
tory, and  an  Introduction  on  the  Teaching  of  English,  by  J.  W.  Hales,  M.A., 
Professor  of  English  Literature  at  King's  College,  London.  Ex.  fcap.  Svo.  4s.  6d! 
*HELPS.— ESSAYS  WRITTEN  IN  THE  INTERVALS  OF  BUSINESS.    With 
Introduction  and  Notes,  by  F.  J.   Rowb,  M.A.,  and  W.  T.  Webb,  M.A. 
Gl.  8vo.    Is.  9d. ;  sewed,  Is.  6d. 
*JOHNSON.— LIVES  OF  THE  POETS.     The  Six  Chief  Live.s  (Milton,  Dryden, 
Swift,  Addison,  Pope,  Gray),  with  Macaulay's  "  Life  of  Johnson."     With  Pre- 
face and  Notes  by  Matthew  Arnold.     Cr.  Svo.    4s.  6d. 
KELLNER.  — HISTORICAL    OUTLINES    OF    ENGLISH    SYNTAX.      By    L. 
Kellneb,  Ph.D.  [In  the  Press. 

*LAMB.— TALES   FROM  SHAKSPEARE.      With  Preface  by  the   Rev.  Canok 
AiNGER,  M.A.,  LL.D.     Gl.  Svo.     2s.    (Globe  Readings  from  Standard  Authors,) 
♦LITERATURE  PRIMERS.— Edited  by  John  Richard  GaBBif,  LL.D.    l8mo. 
Is.  each. 
ENGLISH  GRAMMAR.    By  Rev.  R.  Morris,  LL.D. 
ENGLISH   GRAMMAR   EXERCISES.      By   R   Morris,   LL.D.,  and    H.  a 

BowEN,  M.A. 
EXERCISES  ON  MORRIS'S  PRIMER  OF  ENGLISH  GRAMMAR      By  J. 

Wetherell,  M.A. 
ENGLISH  COMPOSITION.     By  Professor  Niohol. 
QUESTIONS   AND  EXERCISES  ON  ENGLISH  COMPOSITION.      By  Prof. 

NicHOL  and  W.  S.  M'Cormick. 
ENGLISH  LITERATURE.     By  Stopfobd  Bbooice,  M.A. 
SHAKSPERE.    By  Professor  Dowdek 

THB    CHILDREN'S    TREASURY    OP    LYRICAL    POETRY.      8eIect«I  and 
arranged  with  Notes  by  Francis  Turner  Paloravb.    Iu  Two  Parts.    Is.  each. 
PHILOLOGY.     By  J.  Peile,  LittD. 

ROMAN  LITERATURE.     By  Prof.  A-  8.  Wilkins,  LittD. 
GREEK  LITERATURE.     By  Prof.  Jebb,  LittD. 
HOMER.     By  the  Rt  Hon.  W.  B.  Gladstone,  M.P. 
A  HISTORY  OF  ENGLISH  LITERATURE  IN  FOUR  VOLUMES.    Cr.  Sra 
EARLY  ENGLISH  LITERATURE.  By  SxoproRD Brooke,  M.A.  [Inpreparatton, 
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ELIZABETHAN  LITERATURE.  (1560-1665.)  By  George  Saintsbury.    7s.  6d. 
EIGHTEENTH  CENTURY  LITERATURE.    (1660-1780.)    By  Edmund  Gosse, 

M.A.     7s.  6d. 
THE  MODERN  PERIOD.    By  Prof.  Dowden.  [In  preparation. 

*MACMILLAN'S  READING  BOOKS. 


PRIMER.     18mo.     48  pp.     2d. 
BOOK  I.  for  Standard  I.    96  pp.    4d. 
BOOK  IL  for  Standard  IL  144  pp.  5d. 
BOOK   III.  for   Standard   III.     160 
pp.    6d. 


BOOK  IV.  for  Standard  IV.     176  pp. 

8d. 
BOOK  V.  for  Standard  V.     380  pp.    Is. 
BOOK  VI.  for  Standard  VI.     Cr.  8vo. 

430  pp. 


Book  VI.  is  fitted  for  Higher  Classes,  and  as  an  Introduction  to  English  Literature. 
*MACMILLAN'S  COPY  BOOKS.— 1.   Large  Post  4to.    Price  4d.  each.     2.  Post 
Oblong.    Price  2d.  each. 

1.  Initiatory  Exercises  and  Short  Letters. 

2.  Words  consistino  of  Short  Letters. 

8.  Long  Letters.    With  Words  containing  Long  Letters— Figures. 

4.  Words  containing  Long  Letters. 

4a.  Practising  and  Revising  Copy-Book.     For  Nos.  1  to  4. 

5.  Capitals  and  Short  Half-Text.     Words  beginning  with  a  Capital. 

6.  Half-Text  Words  beginning  with  Capitals — Figures. 

7.  Small-Hand  and  Half-Text.    With  Capitals  and  Figures. 

8.  Small-Hand  and  Half-Text.    With  Capitals  and  Figures. 
8a.  Practising  and  Revising  Copy-Book.     For  Nos.  5  to  8. 

9.  Small-Hand  Single  Headlines— Figures. 

10.  Small-Hand  Single  Headlines — Figures. 

11.  Small-Hand  Double  Headlines— Figures. 

12.  Commercial  and  Arithmetical  Examples,  &c. 

12a.  Practising  and  Revising  Copy-Book.     For  Nos.  8  to  12. 
Nos.  3,  4,  5,  6,  7,  8,  9  may  he  had  vnth  Goodman's  Patent  Sliding  Copies.     Large 
Post  4to.     Price  6d.  each. 
MARTIN.— *THE  POET'S  HOUR :  Poetry  selected  and  arranged  for  Children.    By 
Frances  Martin.     18ino.    2s.  6d. 
*SPRING-TIME  WITH  THE  POETS.     By  the  same.     18nio.     3s.  6d. 
*MILTON.— PARADISE  LOST.     Books  I.  and  II.    With  Introduction  and  Notes, 
by  Michael    Macmillan,   B.A.,  Professor  of  Logic  and  Moral  Philosophy, 
Elphinstone  College,  Bombay.    Gl.  8vo.    Is.  9d. ;  sewed,  Is.  6d.    Or  separately, 
Is.  3d. ;  sewed,  Is.  each. 
*L' ALLEGRO,  IL  PENSEROSO,  LYCIDAS,  ARCADES,  SONNETS,  &c.     With 
Introduction  and  Notes,   by  W.   Bell,  M.A.,  Professor  of  Philosophy  and 
Logic,  Government  College,  Lahore.     Gl.  8vo.     Is.  9d. ;  sewed,  Is.  6d. 
*COMUS.     By  the  same.     Gl.  8vo.     Is.  3d.  ;  sewed.  Is. 

♦SAMSON  AGONISTES.     By  H.  M.  Percival,  M.A.,  Professor  of  English  Liter- 
ature, Presidency  College,  Calcutta.     Gl.  8vo.     2s. ;  sewed,  Is.  Od. 
»INTRODUCTION  TO  THE  STUDY  OF  MILTON.      By  Stopford  Brooke 
M.A.     Fcap.  8vo.     Is.  6d.    (Classical  Writers.) 
MORRIS.— Works  by  the  Rev.  R.  Morris,  LL.D. 
*PRIMEll  OF  ENGLISH  GRAMMAR.     18rao.     Is. 
♦ELEMENTARY  LESSONS   IN  HISTORICAL    ENGLISH    GRAMMAR,  con 

taining  Accidence  and  Word-Formation.     18mo.     2s.  6d. 
♦HISTORICAL  OUTLINES  OF  ENGLISH  ACCIDENCE,  comprising  Chapters 
on  the  History  and  Development  of  the  Language,  and  on  Word- Formation. 
Ex.  fcap.  8vo.     6s. 
NICHOL  and  M'CORMICK.— A  SHORT  HISTORY  OF  ENGLISH  LITERA- 
TURE.    By  Prof.  John  Nichol  and  Prof.  W.  S.  M'Cormick.     [In  p)reparation. 
OLIPHANT.— THE    OLD    AND    MIDDLE    ENGLISH.      By    T.    L.    Kington 
Oliphant.     New  Ed.,  revised   and   enlarged,   of  "The  Sources  of  Standard 
English."     2nd  Ed.     Gl,  8vo.     9s. 
THE  NEW  ENGLISH.    By  the  same.     2  vols.     Cr.  Svo.     21s, 
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•PALGRAVE.— THE    CHILDREN'S    TREASURY   OP    LYRICAL   POETRY. 

Selected  and  arranged,  with  Notes,  by  Francis  T.  Palorave.     ISmio.    2a.  W. 

Also  in  Two  Parts.     Is.  each. 
PATMORE.  — THE    CHILDREN'S    GARLAND    FROM    THE    BEST    POKTa 

Selected  and  arranged  by  Coventry  Patmore.     G1.  8vo.    28.    (Globe  IUadinf$ 

from  Standard  AtUhors.) 
PLUTARCH.— Being  a  Selection  from  the  Lives  which  illustrate  Sh*ke«peare. 

North's  Translation.     Edited,  with  Introductions,  Notes,  Index  of  Names, 

and  Glossarial  Index,  by  Prof.  W.  W.  Skeat,  Litt.D.     Cr.  8vo.     6s. 
*RANSOME.  — SHORT  STUDIES  OF  SHAKESPEARE'S  PLOTS.     By  Cyril 

Ransome,  Professor  of  Modem  History  and  Literature,  Yorkshire  College, 

Leeds,     Cr.  8vo.     3s.  6d. 
•RYLAND.— CHRONOLOGICAL  OUTLINES   OF    ENGLISH  LITERATURB. 

By  F.  Ryland,  M.A.     Cr.  Svo.     68. 
SAINTSBURY.— A  HISTORY  OF  ELIZABETHAN  LITERATURB.     15fl0.1««5. 

By  George  Saintsbury.     Cr.  Svo.    7s.  6d. 
SCOTT.— ♦LAY  OP  THE  LAST  MINSTREL,  and  THE  LADY  OP  TUB  LAKE. 

Edited,  with  Introduction  and  Notes,  by  Francis  Turner  Paloravb.    GI.  8vo. 

Is.     (Globe  Readings  from  Standard  Authors.) 
*THB  LAY  OF  THE  LAST  MINSTREIj.    With   Introduction  and  Notes,  bT 

G.  H.  Stuart,  M.A.,  and  E.  H.  Elliot,  B.A.     G1.  Svo.     2s.  ;  sewed.  Is.  9d. 

Introduction  and  Canto  I.     9d,  sewed.     Cantos  I.  to  III.     Is.  3<1. ;  sewed,  Is. 

Cantos  IV.  to  VI.     Is.  3d. ;  sewed.  Is. 
♦MARMION,  and  THE  LORD  OF  THE  ISLES.     By  F.  T.  Palorave.     Gl.  8va 

Is.    (GlblM  Readings  from  Standard  Authors.) 
*MARMION.  ^  With   Introduction  and  Notes,  by  Michael  Macmillan,  B.A. 

Gl.  Svo.    3s. ;  sewed,  2s.  6d. 
*THB  LADY  OF  THE  LAKE.      By  G.  H.  Stuart,  M.A.      Gl.  Svo.     28.  6<1. ; 

S6W6(1     2s 

*ROKBBY.     With   Introduction   and    Notes,  by  Michael   Macmillan,   B.A. 

Gl.  Svo.     3s. ;  sewed,  2s.  6d. 
SHAKESPEARE.— *A  SHAKESPEARIAN  GRAMMAR     By  Rev.  B.  A.  Ahbott, 

D.D.     Gl.  Svo.     6s. 
A  SHAKESPEARE  MANUAL.     By  F.  G.  Fleay,  M.A.     2d  Kd.     Ex.  fcap.  8to. 

4s.  6d. 
*A  PRIMER  OF  SHAKESPERB.     By  Prof.  Dowden.     18mo.    Is. 
*SHORT  STUDIES  OF  SHAKESPEARE'S  PLOTS.     By  Cyril  Ransomb,  M.A. 

Cr.  Svo.     3s.  6d. 
*THB  TEMPEST.    With  Introduction  and  Notes,  by  K.  Deiohton,  late  Prindpol 

of  Agra  College.     Gl.  Svo.     Is.  9d. ;  sewed,  Is.  6«l. 
*MUCH    ADO    ABOUT   NOTHING.      By  the  same.     Gl.   Svo.    2s.  ;    sewo«l. 

Is.  9d. 
•A  MIDSUMMER  NIGHTS  DREAM.    By  the  same.    GI.  Svo.     Is.  9.1. ;  sewed. 

Is  6d 
♦THE  MERCHANT  OF  VENICE,    By  the  same.    Gl.  Svo.    Is.  W. ;  sewed,  la.  «d. 
♦AS  YOU  LIKE  IT.     By  the  same.    Gl.  Svo.    Is.  9d. ;  sewed.  Is.  M. 
♦TWELFTH  NIGHT.     By  the  same.     Gl.  8vo.     Is.  M. ;  sewe^l,  Is.  M. 
♦THE  WINTER'S  TALE.     By  the  same.    Gl.  Svo.    28.  ;  sewed,  Is.  Od. 
♦KING  JOHN.     By  the  same.     GL  Svo.     Is.  tkl. ;  sewed.  Is.  6d. 
♦RICHARD  II.     By  the  same.     Gl.  Svo.     Is.  9d. ;  sewed,  Is.  6d. 
♦HENRY  V.     By  the  same.     Gl.  Svo.     Is.  9d. ;  sewe*!,  Is.  Od. 
♦RICHARD  IlL     By  C.  H.  Tawney,  M.A-,  Prlncipid  and  ProfeMorofl 

Literature,  Presidency  College,  Calcutta.    Gl.  Svo.    fa.  fld. ;  sewed,  - 
♦CORIOLANUS.     By  K.  Deiouton.   Gl.  Svo.   2s.  6d. ;  sewed,  28. 
♦JULIUS  CvESAR.     By  the  same.    Gl.  Svo.     Is.  9d. ;  sewed.  Is.  6d. 
♦MACBETH.     By  the  same.     Gl.  Svo.     Is.  Od. ;  sewed.  Is.  «d. 
♦HAMLET.     By  the  same.    Gl.  Svo.    28.  6«1. ;  sewe.l,  2s. 
♦KING  LEAR.     By  the  same.    Gl.  Svo.     Is.  9d. ;  sewed,  Is.  6d. 
♦OTHELLO.    By  the  same.    Gl.  Svo.     28. ;  sewed.  Is.  »d. 
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*ANTONY  AND  CLEOPATRA.    By  the  same.    Gl.  8vo.    2s.  6d.  ;  sewed,  23. 
*CYMBBLINE.     By  the  same.     Gl.  8vo.    2s.  6d.  ;  sewed,  2s. 
«SONNENSCHEIN     and    MEIKLE  JOHN.  —  THE     ENGLISH     METHOD     OF 
TEACHING  TO  READ.     By  A.  Sonnenschein  and  J.  M.  D.  Meiklejohn, 
M.A.     Fcap.  8vo. 
THE  NURSERY  BOOK,  containing  all  the   Two -Letter  Words   in  the   Lan- 
guage.    Id.    (Also  in  Large  Type  on  Sheets  for  School  Walls.     5s.) 
THE  FIRST  COURSE,  consisting  of  Short  Vowels  with  Single  Consonants.    7d. 
THE  SECOND  COURSE,  with  Combinations  and  Bridges,  consisting  of  Short 

Vowels  with  Double  Consonants.     7d. 
THE  THIRD  AND  FOURTH  COURSES,  consisting  of  Long  Vowels,  and  all 
the  Double  Vowels  in  the  Language.     7d. 
*SOUTHEY.— LIFE  OP  NELSON.     With  Introduction  and  Notes,  by  Michael 

Macmillan,  B.A.     Gl.  Svo.     3s.  ;  sewed,  2s.  6d. 
SPENSER. -FAIRY  QUEEN.     Book  L    With  Introduction  and  Notes,  by  H.  M. 
Percival,  M.A.  [In  the  Press. 

TAYLOR.— WORDS  AND  PLACES ;  or,  Etymological  Illustrations  of  History, 
Ethnology,  and  Geography.  By  Rev.  Isaac  Taylor,  Litt.D.  With  Maps. 
Gl.  Svo.  6s. 
TENNYSON.— THE  COLLECTED  WORKS  OF  LORD  TENNYSON.  An  Edition 
for  Schools.  In  Four  Parts.  Cr.  Svo.  2s.  6d.  each. 
TENNYSON  FOR  THE  YOUNG.  Edited,  with  Notes  for  the  Use  of  Schools, 
by  the  Rev.  Alfred  Ainger,  LL,D.,  Canon  of  Bristol.     ISmo.     Is.  net. 

*SELECTIONS  FROM  TENNYSON.     With  Introduction  and  Notes,  by  F.  J. 
RowE,  M.A.,  and  W.  T.  Webb,  M.A.     Gl.  Svo.    3s,  6d. 

This  selection  contains  :— Recollections  of  the  Arabian  Nights,  The  Lady  of 
Shalott,  ffinone.  The  Lotos  Eaters,  Ulysses,  Tithonus,  Morte  d'Ai'thur,  Six 
Galahad,  Dora,  Ode  on  the  Death  of  the  Duke  of  Wellington,  and  The  Revenge. 
*ENOCH  ARDEN.     By  W.  T.  Webb,  M.A.     Gl.  Svo.     2s. 
*AYLMER'S  FIELD.     By  W.  T.  Webb,  M.A.     2s. 

THE  PRINCESS  ;  A  MEDLEY.     By  P.  M.  Wallace,  B.A.  [In  the  rres.^. 

*THE  COMING  OF  ARTHUR,  AND  THE  PASSING  OF  ARTHUR.     By  F.  J. 
RowE,  M.A.     Gl.  Svo.     2s. 
THRING.— THE   ELEMENTS  OF  GRAMMAR  TAUGHT   IN  ENGLISH.      By 

Edward  Thring,  M.A.     With  Questions.     4th  Ed.     ISmo.     2s. 
*VAUGHAN.— WORDS  FROM  THE  POETS.     By  C.  M,  Vaughan.    ISmo.    Is. 
WARD.— THE  ENGLISH  POETS.     Selections,  with   Critical  Introductions  by 
various  Writers  and  a  General  Introduction  by  Matthew  Arnold.    Edited 
by  T.  H.  Ward,  M.A.    4  Vols.     Vol.  I.  Chaucer  to  Donne.— Vol.  II.  Ben 
JoNsoN  TO  Dryden. — Vol.  Ill,  Addison  to  Blake. — Vol.  IV.  Wordsworth 
TO  RossETTi.     2d  Ed.     Cr.  Svo.     7s.  6d.  each. 
*WETHERELL.— EXERCISES  ON  MORRIS'S  PRIMER  OF  ENGLISH  GRAM- 
MAR.     By  John  Wetherell,  M.A.,  Headmaster  of  Towcester  Grammar 
School.     ISmo.     Is, 
WOODS.— *A  FIRST  POETRY  BOOK.    By  M.  A.  Woods,  Head  Mistress  of  the 
Clifton  High  School  for  Girls.     Fcap.  Svo.     2s,  6d, 
*A  SECOND  POETRY  BOOK.    By  the  same.     In  Two  Parts.    2s.  6d.  each. 
*A  THIRD  POETRY  BOOK.     By  the  same.     4s.  6d, 
HYMNS  FOR  SCHOOL  WORSHIP.     By  the  same.     ISmo.     Is.  6d. 
WORDSWORTH.— SELECTIONS.    With  Introduction  and  Notes,  by  F.  J.  Rowf, 
M. A.,  and  W.  T.  Webb,  M.A.     Gl.  Svo.  [In  preparation. 

YONGE.—*A  BOOK  OF  GOLDEN  DEEDS.   By  Charlotte  M.  Yonge.  Gl.Svo.   2s, 
*THE  ABRIDGED  BOOK  OP  GOLDEN  DEEDS,     ISino,     Is, 

FRENCH. 

BEAUMARCHAIS.— LB   BARRIER    DE    SEVILLE.      With    Introduction    and 

Notes.     By  Jj.  P.  Blouet,     Fcap.  Svo.     3s.  6d. 
*BOWEN.  -FIRST  LESSONS  IN  FRENCH.     By  H.  Courthope  Bowen,  M.A. 

Ex,  fcap,  Svo,    Is, 
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BREYMANN.— Works  by  Hermann  Breymann,  Ph.D.,  Professor  of  Philoloffr  In 
tlie  University  of  Munich.  ^^ 

FIRST  FRENCH  EXERCISE  BOOK.     Ex.  fcap.  8vo.    48.  6d. 
SECOND  FRENCH  EXERCISE  BOOK.     Ex.  fcap.  8vo.     28.  6d. 
FASNACHT.— Works  by  G.  E.  Fasnacht,  late  Assistant  Master  at  Westminster. 
THE  ORGANIC  METHOD  OF  STUDYING  LANGUAGES.    Ex.  fcap.  8vo.     1 

French.     3s.  6d. 
A  SYNTHETIC  FRENCH  GRAMMAR  FOR  SCHOOLS.    Or.  8to.    S*.  6d. 
GRAMMAR    AND  GLOSSARY  OF  THE   FRENCH   IxANGUAGE  OF    THE 
SEVENTEENTH  CENTURY.     Cr.  8vo.  [{n  preparalion. 

MAGMILLAN'S  PRIMARY  SERIES  OF  FRENCH  READING  BOOKS.— R<lit«d  by 
G.   E.   Fasnacht.     With   Illustrations,   Notes,  Vocabularies,  and   Exercises. 
Gl.  Svo. 
*FRENCH  READINGS  FOR  CHILDREN.     By  G.  E.  Fasnacht.    Is.  M. 
*CORNAZ— NOS  ENFANTS  ET  LEURS  AMIS.     By  Edith  Harvbt.     Is.  M. 
»DE  MAISTRE— LA  JEUNB  SIBERIENNE  ET  LE  I^PREUX  DB  LA  CITft 

D'AOSTE.     By  Stephane  Barlet,  B.Sc.  etc.    Is.  6d. 
*FLORIAN— FABLES.    By  Rev.  Charles  Yeld,  M.A.,  Headmaster  of  University 

School,  Nottingham.     Is.  6d. 
*LA  FONTAINE-A  SELECTION  OF  FABLES.     By  L.  M.  Moriabtt,  RA., 

Assistant  Master  at  Harrow.     2s.  6d. 
*MOLESWORTH— FRENCH    LIFE    IN  LETTERS.      By  Mrs.    Molbbwokth. 

Is.  6d. 
*PERRAULT— CONTES  DE  FEES.     By  G.  E.  Fasnacht.     Is.  6d. 
MAGMILLAN'S  PROGRESSIVE  FRENCH  COURSE.— By  G.  E.  Fasnacht.    Kx. 

fcap.  Svo. 
*FiRST  Year,  containing  Easy  Lessons  on  the  Regular  Accidence.    Is. 
♦Second  Year,  containing  an  Elementary  Grammar  with  copioos  Exercises, 

Notes,  and  Vocabularies.    2s. 
*Third  Year,  containing  a  Systematic  Syntax,  and  Lessons  in  Composition. 

2s.  6d. 
THE  TE  ACHERS  COMPANION  TO  MAGMILLAN'S  PROGRESSIVE  FRBNCH 
COURSE.  With  Copious  Notes,  Hints  for  Different  Renderings,  Syuonvms, 
Philological  Remarks,  etc  By  G.  B.  Fasnacht.  Ex.  fcap.  Svo.  Each  Year 
4s.  6d. 
•MAGMILLAN'S  FRENCH  COMPOSITION.— By  G.  B.  Fasnacht.  Ex.  fcap. 
Svo.     Part  I.  Elementary.     2s.  6d.     Part  II.     Advanced.  [In  Uu  Prew. 

THE  TEACHERS  COMPANION  TO  MAGMILLAN'S  COURSE  OF  FRENCH 
COMPOSITION.     By  6.  E.  Fasnacht.     Part  L     Ex.  fcap.  Svo.    4s.  6d. 
MAGMILLAN'S  PROGRESSIVE  FRENCH  READERS.    By  G.  K  Fasnacht.    Kx. 
fcap.  Svo. 
*First  Year,  containing  Tales,  Historical  Extracts,  I^etters,  Dialogues,  BallstU, 
Nursery  Songs,  etc.,  with  Two  Vocabularies :  (1)  in  the  order  of  suUJeets ; 
(2)  in  alphabetical  order.     With  Imitative  Exercises.    2s.  6d. 
♦Second  Year,  containing  Fiction  in  Prose  and  Verse,  Historical  and  Descriptivs 
Extracts,  Essays,  Letters,  Dialogues,  etc.     With  Imitative  Exercises.    2s.  W. 
MAGMILLAN'S  FOREIGN  SCHOOL  CLASSICS.    Edited  by  G.  B.   Fasvacut. 

ISmo. 
«CORNEILLE— LE  CID.     By  G.  E.  Fasnacht.    Is. 
♦DUMAS— LBS  DEMOISELLES  DE  ST.  CYR.    By  Victor  Oo«b,  lisetnrer  at 

University  College,  Liverpool.     Is.  M. 
LA  FONTAINES  FABLEa     Books  L-VL     By  L.    M.    Moriabtt,    D.A., 
Assistant  Master  at  Harrow.  [/»  prepanUiom. 

♦MOLlfiRB- L'AVARE.     By  the  same.    Is. 

♦MOLlfeRE-LE  BOURGEOIS  GBNTILHOMMB.    By  the  SRine.    Is.  6d. 
•MOLIJ^RE- LBS  FEMMES  SAVANTEa    By  G.  E.  Fasnacht.     Is. 
*MOLlfiRE— LE  MISANTHROPE.     By  the  i 
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»MOLIBRE— LE  MfeDECIN  MALGRE  LUI.    By  the  same.     Is. 
*MOLI]^.RE— LES  PRECIEUSES  RIDICULES.     By  the  same.     Is. 
*RACINE— BRITANNICUS.     By  E.  Pellissier,  M.A.     2s. 
*FRENCH  READINGS  FROM  ROMAN  HISTORY.      Selected    from  various 

Authors,  by  C.  Colbeck,  M.A.,  Assistant  Master  at  Harrow.     4s.  Gd. 
*SAND,   GEORGE— LA  MARE  AU  DIABLE.      By    W.    E.    Russell,   M.A., 

Assistant  Master  at  Haileybury.     Is. 
*SANDEAU,   JULES— MADEMOISELLE    DE    LA  SEIGLlflRE.      By  H.    C 

Steel,  Assistant  Master  at  Winchester.     Is.  6d. 
*VOLTAI RE— CHARLES  XII.     By  G.  E.  Fasnacht.     3s.  6d. 
■^DIASSON.— A  COMPENDIOUS  DICTIONARY  OF  THE  FRENCH  LANGUAGE. 

Adapted  from  tlie  Dictionaries  of  Professor  A.  Elwall.    By  Gustave  Masson. 

Cr.  8vo.     3s.  6d. 
MOLIERE.— LE  MALADE  IMAGINAIRE.    With  Introduction  and  Notes,  by  F. 

Tarver,  M.A.,  Assistant  Master  at  Eton.     Fcap.  8vo.    2s.  6d. 
''PELLISSIER.— FRENCH    ROOTS  AND    THEIR    FAMILIES.      A   Synthetic 

Vocabulary,  based  upon  Derivations.      By  E.  Pellissier,  M.A.,  Assistant 

Master  at  Clifton  College.     Gl.  8vo.     6s. 

GERMAN. 

BEHAGHEL.— THE  GERMAN  LANGUAGE.  By  Dr.  Otto  Behaghel.  Trans- 
lated  by  Emil  Trechmann,  B.A.,  Ph.D.,  Lecturer  in  Modern  Literature  in  the 
University  of  Sydney,  N.S.W.  Gl.  Svo.  3s.  6d. 
HUSS.— A  SYSTEM  OF  ORAL  INSTRUCTION  IN  GERMAN,  by  means  of 
Progressive  Illustrations  and  Applications  of  the  leading  Rules  of  Grammar. 
By  H.  C.  O.  Hdss,  Ph.D.  Cr.  Svo.  5s. 
MACMILLAN'S  PRIMARY  SERIES  OF  GERMAN  READING  BOOKS.    Edited 

by  G.  E.  Fasnacht.     With  Notes,  Vocabularies,  and  Exercises.    Gl.  Svo. 
*GRIMM— KINDER  UND  HAUSMARCHEN.     By  G.  E.  Fasnacht.     2s.  6d. 
*HAUFF— DIE  KARA  VANE.      By  Herman  Hager,   Ph.D.,   Lecturer  in  the 

Owens  College,  Manchester.    3s. 
*SCHMID,  CHR.  VON— H.  VON  EICHENFELS.    By  G.  E.  Fasnacht.     2s.  6d. 
MACMILLAN'S  PROGRESSIVE  GERMAN  COURSE.    By  G.  E.  Fasnacht..  Ex. 
fcap.  Svo. 
*First  Year.    Easy  lessons  and  Rules  on  the  Regular  Accidence.    Is.  6d. 
"Second  Year.     Conversational  Lessons  in  Systematic  Accidence  and  Elementary 
Syntax.      With    Philological    Illustrations    and    Etymological    Vocabulary. 
3s.  6d. 
Third  Year.  [In  the  Press. 

TEACHER'S   COMPANION  TO  MACMILLAN'S   PROGRESSIVE   GERMAN 
COURSE.    With  copious  Notes,  Hints  for  Different  Renderings,  Synonyms, 
Pliilological  Remarks,  etc.     ByG.  E.  Fasnacht.     Ex.  fcap.  Svo.    First  Y^ear. 
4s.  6d.    Second  Year.    4s.  6d. 
MACMILLAN'S  GERMAN  COMPOSITION.     By  G.  E.  Fasnacht.    Ex.  fcap.  Svo. 
*I.  FIRST  COURSE     Parallel  German-English  Extracts  and  Parallel  English- 
German  Syntax.     2s.  6d. 
TEACHER'S  COMPANION  TO  MACMILLAN'S  GERMAN  COMPOSITION. 
By  G.  E.  Fasnacht.     First  Course.     Gl.  Svo.     4s.  6d. 
MACMILLAN'S  PROGRESSIVE  GERMAN  READERS.    By  G.  E.  Fasnacht.    Ex. 
fcap.  Svo. 
*FiRST  Year,  containing  an  Introduction  to  the  (Jerman  order  of  Words,  with 
Copious  Examples,  extracts  from  Gennan  Authors  in  Prose  and  Poetry;  Notes, 
and  Vocabularies.     2s.  6d. 
MACMILLAN'S  FOREIGN  SCHOOL  CLASSICS.— Edited  by  G.  E.  Fasnacht.  ISrao. 
FREYTAG  (G.)— DOKTOR  LUTHER.    By  F.  Storr,  M.A.,  Headmaster  of  the 
Modern  Side,  Merchant  Taylors'  School.  [In  preparatioiu 
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*GOETHE— GOTZ  VON  BBRLICUINGEN.     By  U.  A.   Uull,  M.A.,  AiwUtaut 

Master  at  Wellington.     2s. 
*GOETHE— FAUST.     Part  I.,  followed  by  an  Appendix  on  Part  II.     Dy  Jamb 

Lee,  Lecturer  in  German  Literature  at  Newnhani  College,  Cambridge.    4s.  M. 
*HEINE— SELECTIONS  FROM  THE  REISBBILDBR  AND  OTHER  PR08B 

WORKS.     By  C.  Colbeck,  M.A.,  Assistant  Master  at  Harrow.    28.  (id- 
LESSING— MINNA  VON  BARNHELM.     By  James  Sime,  M.  A.  [In  preparation. 
*SCHILLER— SELECTIONS  FROM  SCHILLER'S  LYRICAL  POEMS.     With  a 

Memoir  of  Schiller.     By  E.  J.  Turner,  B.A.,  and  E.  D.  A.  Morshead,  M.A-, 

Assistant  Masters  at  Winchester.     2s.  6d. 
*SCHILLER— DIE  JUNGFRAU  VON  ORLEANS.  By  Joseph  Gostwick.  Si.  6d. 
•SCHILLER -MARIA  STUART.     By  C.  Sheldon,  D.Litt.,  of  the  Royal  Academ- 
ical Institution,  Belfast.     2s.  6d. 
*SCHILLER— WILHELM  TELL.     By  G.  E.  Fasnacht.     28.  6d. 
•SCHILLER— WALLENSTEIN.     Part  I.  DAS  LAGER.     By  H.  B.  Cottebill, 

M.A.     2s. 
*UHLAND— SELECT  BALLADS.    Adapted  as  a  First  Easy  Reading  Book  for 

Beginners.    With  Vocabulary.    By  G.  E.  Fasnacht.    Is. 
»PYLODET.— NEW  GUIDE  TO  GERMAN  CONVERSATION ;  containing  an  Alnha- 

betieal  List  of  nearly  800  Familiar  Words ;  followed  by  Exercises,  vocabulary 

of  Words  in  frequent  use,  Familiar  Phrases  and  Dialogues,  a  Sketch  of  German 

Literature,  Idiomatic  Expressions,  etc.     By  L.  Pylodet.     18mo.    28.  6<l. 
SMITH.— COMMERCIAL  GERMAN.    By  F.  C.  Smith,  M.A.  [In  the  Pros. 

WHITNEY.— A  COMPENDIOUS  GERMAN  GRAMMAR.     By  W.  D.  WniTNEY, 

Professor  of  Sanskrit  and  Instructor  in  Modem  Languages  in  Yale  College. 

Cr.  Svo.     4s.  6d. 
A  GERMAN  READER  IN  PROSE  AND  VERSE.     By  the  same.     With  Notes 

and  Vocabulaiy.     Cr.  Svo.     5s. 
"WHITNEY   and    EDGREN.— A  COMPENDIOUS  GERMAN  AND  ENGLISH 

DICTIONARY,  with  Notation  of  Correspondences  and  Brief  Etymologiea.     By 

Prof.  W.  D.  Whitney,  assisted  by  A.  H.  Edoren.    Cr.  8vo.    78.  6d. 
THE  GERMAN-ENGLISH  PART,  separately,  58. 

MODERN  GREEK. 

VINCENT  and  DICKSON.— HANDBOOK  TO  MODERN  GREEK.  By  Sir  Edgar 
Vincent,  K.C.M.G.,  and  T.  G.  Dickson,  M.A.  With  Appendix  on  the  relation 
of  Modern  and  Classical  Greek  by  Prof.  Jebb.    Cr.  Svo.    6s. 

ITALIAN. 

DANTE.— THE  INFERNO  OP  DANTE.     With  Translation  and  Notes,  by  A.  J. 

Butler,  M.A.     Cr.  Svo.  l^*  <**  ''**«»• 

THE  PURGATORIO  OF  DANTE.     Witli  Translations  an«l  Notea,  by  the  «mc 

Cr.  Svo.     12s.  Od. 
THE  PARADISO  OF  DANTE.     With  Translation  and  Notes,  by  the  luas. 

2d.  Ed.     Cr.  Svo.     123.  6d. 
READINGS  ON  THE  PURGATORIO  OP  DANTE.     Chi.lJy  bwed  on  the  Com- 

mentary  of  Benveuuto  Da  Imola.     By  the  Hon.  W.  Wariuw  VBiNoic,  M.A. 

With  au  Introduction  by  the  Very  Rev.  Uie  Dkak  or  Br.  Pauls.    8  vol*. 

Cr.  Svo.    248. 

SPANISH. 

CALDERON.— FOUR  PLAYS  OF  CAIJJERON.  With  Introduction  and  Notes. 
By  Norman  MacColl,  M.A-     Cr.  Svo.     148.  ^        m,  a,    it 

The  four  plays  here  given  are  El  Principe  Constat%te,  la  Vida  «  Svtma,  M  AleakU 
de  ZoUamea,  and  El  Eacondido  y  La  Tapada. 
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MATHEMATICS. 

Arithmetic,  Book-keeping,  AlgeTira,  Euclid  and  Pure  Geometry,  Geometrical 
Drawing,  Mensuration,  Trigonometry,  Analytical  Geometry  (Plane  and 
Solid),  Problems  and  Questions  in  Mathematics,  Higher  Pure  Mathe- 
matics, Mechanics  (Statics,  Dynamics,  Hydrostatics,  Hydrodynamics :  see 
also  Physics),  Physics  (Sound,  Light,  Heat,  Electricity,  Elasticity,  Attrac- 
tions, &c.),  Astronomy,  Historical. 

ARITHMETIC. 

*ALDIS.— THE  GREAT  GIANT  ARITHMOS.  A  most  Elementary  Arithmetic 
for  Children.     By  Mary  Steadman  Aldis.     Illustrated.     Gl.  Svo.     2s.  6d, 

ARMY  PRELIMINARY  EXAMINATION,  SPECIMENS  OF  PAPERS  SET  AT 
THE,  1882-90.— With  Answers  to  the  Mathematical  Questions.  Subjects : 
Ai'ithmetic,  Algebra,  Euclid,  Geometrical  Drawing,  Geography,  French, 
English  Dictation.     Cr.  Svo.     3s.  6d. 

*BRADSHAW.— A  COURSE  OF  EASY  ARITHMETICAL  EXAMPLES  FOR 
BEGINNERS.  By  J.  G.  Bradsiiaw,  B.  A. ,  Assistant  Master  at  Clifton  CoUege. 
Gl.  Svo.     2s.     With  Answers,  2s.  6d. 

*BROOKSMITH.— ARITHMETIC  IN  THEORY  AND  PRACTICE.  By  J.  Brook- 
smith,  M.A.    Cr.  Svo.    4s.  6d.     KEY.     Crown  Svo.    10s.  6d. 

*BROOKSMITH.— ARITHMETIC  FOR  BEGINNERS.  By  J.  and  E.  J.  Brook- 
SMITH.     Gl.  Svo.  .  Is.  6d. 

CANDLER.— HELP  TO  ARITHMETIC.  Designed  for  the  use  of  Schools.  By  H. 
Candler,  Mathematical  Master  of  Uppingham  School.  2d  Ed.  Ex.  fcap.  Svo. 
2s.  6d. 

*DALTON.— RULES  AND  EXAMPLES  IN  ARITHMETIC.  By  the  Rev.  T.  Dal- 
TON,  M.A.,  Senior  Mathematical  Master  at  Eton.  New  Ed.,  with  Answers. 
ISmo.     2s.  6d. 

*GOYEN.— HIGHER  ARITHMETIC  AND  ELEMENTARY  MENSURATION. 
By  P.  GoYEN,  Inspector  of  Schools,  Dunedin,  New  Zealand.    Cr.  Svo.     5s. 

*HALL  and  KNIGHT.— ARITHMETICAL  EXERCISES  AND  EXAMINATION 
PAPERS.  With  an  Appendix  containing  Questions  in  Logarithms  and 
Mensuration.  By  H.  S.  Hall,  M.A.,  Master  of  the  Military  and  Engineering 
Side,  Clifton  College,  and  S.  R.  Knight,  B.A.     Gl.  Svo.     2s.  6d. 

LOCK.— Works  by  Rev.  J.  B.  Lock,  M.A.,  Senior  Fellow  and  Bursar  of  Gonville 
and  Caius  CoUege,  Cambridge. 
^ARITHMETIC  FOR  SCHOOLS.     With  Answers  and  1000  additional  Examples 
for  Exercise.    3d  Ed.,  revised.    Gl.  Svo.    4s.  6d.    Or,  Part  I.    2s.    Part  II.    33. 
KEY.     Cr.  Svo.     10s.  6d. 
*ARiTHMETIC  FOR  BEGINNERS.    A  School  Class-Book  of  Commercial  Arith- 
metic.    Gl.  Svo.     2s.  6d.     KEY.     Cr.  8vo.     8s.  6d. 
*A  SHILLING  BOOK  OF  ARITHMETIC,  FOR  ELEMENTARY  SCHOOLS. 
ISmo.    Is.     With  Answers.    Is.  6d. 

*PEDLEY.— EXERCISES  IN  ARITHMETIC  for  the  Use  of  Schools.     Containing 
more  than  7000  original  Examples.     By  Samuel  Pedley.    Cr.  Svo.    6s. 
Also  in  Two  Parts,  2s.  6d.  each. 

SMITH.— Works  by  Rev.  Barnard  Smith,  M.A.,  late  Fellow  and  Senior  Bursar  of 
St.  Peter's  College,  Cambridge. 
ARITHMETIC    AND   ALGEBRA,  in  their  Principles  and  Application;  with 
numerous  systematically  arranged  Examples  taken  from  the  Cambridge  Exam- 
ination Papers,  with  especial  reference  to  the  Ordinary  Examination  for  the 
B.A.  Degree.    New  Ed.,  carefully  revised.     Cr.  Svo.     10s.  6d. 
"ARITHMETIC  FOR  SCHOOLS.     Cr.  Svo.    4s.  6d.      KEY.    Cr.  Svo.    8s.  6d. 
New  Edition.    Revised  by  Prof.  W.  H.  Hudson.  [In  preparation. 
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EXERCISES  IN  ARITHMETIC.    Cr.  8vo.    2s.     With  Answers,  2».  6d.     An- 

sweis  separately,  6d. 
SCHOOL  CLASS-BOOK  OP  ARITHMETIC.     18mo.     Sa.      Or  wpftrately,  in 

Three  Parts,  Is.  each.     KEYS.     Parts  I.,  IL,  and  III.,  28.  6d.  earh. 
SHILLING  BOOK  OP  ARITHMETIC.     18nio.     Or  separately,  Part  L,  M,  ; 

Part  II.,  3d. ;  Part  III.,  7d.     Answers,  6d.     KEY.     18mo.    48.  6d. 
*THB  SAME,  with  Answers.    ISmo,  cloth.     Is.  6d. 
EXAMINATION   PAPERS  IN   ARITHMETIC.     18mo.     l8.  6d.     The  Same. 

with  Answers.     ISmo.     23.     Answers,  6d.     KEY.     18mo.     4s.  6d. 
THE  METRIC  SYSTEM  OP  ARITHMETIC,  ITS  PRINCIPLES  AND  APPLI- 
CATIONS, with  Numerous  Examples.     18mo.     3d. 
A  CHART  OF  THE  METRIC  SYSTEM,  on  a  Sheet,  size  42  in.  by  34  In.  on 

Roller.    3s.  6d.    Also  a  Small  Chart  on  a  Card.    Price  Id. 
EASY  LESSONS  IN  ARITHMETIC,  combining  Exercises  in  Reading,  Writing, 

Spelling,  and  Dictation.     Part  I.    Cr.  8vo.    9d. 
EXAMINATION  CARDS  IN  ARITHMETIC.     With  Answers  and  Hint*. 
Standards  I.  and  II.,  in  box.  Is.    Standards  III.,  IV.,  and  V.,  in  buxes.  Is.  each. 

Standard  VI.  in  Two  Parts,  in  boxes,  Is.  each. 
A  and  B  papers,  of  nearly  the  same  difficulty,  are  given  so  as  to  prevent  copying, 
and  the  colours  of  the  A  and  B  papers  differ  in  each  Standard,  and  from  those  of 
every  other  Standard,  so  tliat  a  master  or  mistress  can  see  at  a  glance  whether  the 
children  have  the  proper  papers. 

BOOK-KBEPINO-. 

♦THORNTON.— FIRST  LESSONS  IN  BOOK-KEEPING.    By  J.  Tuorntom.     Cr. 

Svo.     2s.  6d.     KEY.     Oblong  4to.     10s.  6d. 
*PRIMER  OP  BOOK-KEEPING.     18mo.     Is.     KEY.     Demy  8vo.     28.  (kl. 

ALGEBRA, 

*DALTON.— RULES  AND  EXAMPLES  IN  ALGEBRA.  By  Rev.  T.  Daltoh, 
Senior  Mathematical  Master  at  Eton.  Part  I.  ISmo.  23.  KEY.  Cr.  8vo. 
73.  6d.     Part  II.     ISmo.     2s.  6d. 

HALL  and  KNIGHT.— Works  by  H.  S.  Haix,  M.A.,  Master  of  tiie  MiliUry  and 

Engineering  Side,  Clifton  College,  and  S.  R.  Knioiit,  B.A. 
^ELEMENTARY  ALGEBRA  FOR  SCHOOLS.    6th  Ed.,  revise*!  and  correctr.1. 
Gl.  Svo,  bound  in  maroon  coloured  cloth,  Ss.  6d. ;  with  Answers,  bound  in 
green  coloured  cloth,  4s.  6d.     KEY.    88.  6d. 
^ALGEBRAICAL  EXERCISES  AND  EXAMINATION  PAPERS.     To  accom- 
pany ELEMENTARY  ALGEBRA.    2d  Ed.,  revised.    Gl.  Svo.    2s.  W. 
*niGHER  ALGEBRA.    4th  Ed.    Cr.  Svo.     Vs.  6d.      KEY.    Cr.  Svo.     10s.  «d. 

•JONES    and    CHEYNE.— ALGEBRAICAL   EXERCISES.       Progressively   Ar- 
ranged.     By  Rov.  C.  A.  Jones  and  C.  H.  Cheynb,  M.A.,  late  MaUicniaUcal 
Masters  at  Westminster  School.     18rao.     23.  6d. 
KEY.    By  Rev.  W.  Failes,  M.A.,  Mathematical  Master  at  Westminster  School. 
Cr.  Svo.     7s.  6d. 

SMITH  —ARITHMETIC  AND  ALGEBRA,  in  their  Principles  and  Ap|>Iiratlon  ; 
with  numerous  systematically  arranged  Examples  taken  from  the  Cambridga 
Examination  Papers,  with  especial  referenc«  to  the  Ordinary  ExamlntUoo  for 
the  B.A,  Degree.  By  Rev.  Barnard  Smith,  M.A.  New  Kdltion,  earefally 
revised.    Cr.  Svo.    lOs.ed. 

SMITH.— Works  by  Charles   Smith,  M.A.,   Master  of  Sidney  SoMes  OolMf*, 

^ELEMe'^NTARY  algebra.    2d  Ed.,  revised.    01.  Svo.    4a.  6d.    KBY.    By  A. 

G.  Cracknell,  B.A.    Cr.  Svo.     lOs.  Cd. 
♦ATUEATIsE  ON  ALGEBRA.   2d  Ed.  Cr.  Svo.   7s.  Od.     KBY.  Cr.Svo,   lOfc  «d. 
TODHUNTER.— Works  by  Isaac  ToDUONTER,  F.R.S. 
"algebra  FOR  BEGINNERS.     ISmo.    28.  Cd.     KBY.    Cr.  8»o.    fla.  W. 


24  ^  MATHEMATICS 

*ALGEBRA  FOR  COLLEGES  AND  SCHOOLS.  By  Isaac  Todhuntee,  F.R.S. 
Cr.  8vo.     7s.  6d.     KEY.     Cr.  8vo.     10s.  6d, 

EUCLID  AND  PURE  GEOMETRY. 

COCKSHOTT  and  WALTERS. -A  TREATISE  ON  GEOMETRICAL  CONICS. 
Ill  accordance  with  the  Syllabus  of  the  Association  for  the  Improvement  of 
Geometrical  Teaching.  By  A.  Cockshott,  M.A.,  Assistant  Master  at  Eton, 
and  Rev.  F.  B.  Walters,  M.A.,  Principal  of  King  William's  College,  Isle  of 
Man.     Cr.  8vo.     5s. 

CONSTABLE.— GEOMETRICAL  EXERCISES  FOR  BEGINNERS.  By  Samuel 
Constable.     Cr.  8vo.     3s.  6d. 

CUTHBERTSON.— EUCLIDIAN  GEOMETRY.  By  Francis  Cuthbertson,M.A., 
LL.D.     Ex,  fcap.  8vo.     4s.  6d. 

DAY.— PROPERTIES  OF  CONIC  SECTIONS  PROVED  GEOMETRICALLY. 
By  Rev.  H.  G.  Day,  M.A.  Part  I.  The  Ellipse,  with  an  ample  collection  of 
Problems.     Cr.  Svo.     8s.  Cd. 

^DEAKIN.— RIDER  PAPERS  ON  EUCLID.  BOOKS  I.  and  II.  By  Rupert 
Deakin,  M.A.     ISmo.     Is. 

DODGSON.— Works  by  Charlks  L.  Dodgson,  M.A.,  Student  and  late  Mathematical 
Lecturer,  Clirist  Church,  Oxford. 
EUCLID,  BOOKS  I.  and  II.     6th  Ed.,  with  words  substituted  for  the  Alge- 
braical Symbols  used  in  the  1st  Ed.     Cr.  8vo.     2s. 
EUCLID  AND  HIS  MODERN  RIVALS.     2d  Ed.     Cr.  Svo.     6s. 
CURIOSA  MATHEMATICA.     Part  L     A  New  Theory  of  Parallels.     3d  Ed. 
Cr.  Svo.     2s. 

DREW.— GEOMETRICAL  TREATISE  ON  CONIC  SECTIONS.  By  W.  H. 
Drew,  M.A.    New  Ed.,  enlarged.     Cr.  Svo.    5s. 

DUPUIS.— ELEMENTARY  SYNTHETIC  GEOMETRY  OF  THE  POINT,  LINE 
AND  CIRCLE  IN  THE  PLANE.  By  N.  F.  Dupuis,  M.A.,  Professor  of  Pure 
Mathematics  in  the  University  of  Queen's  College,  Kingston,  Canada.  Gl.  Svo. 
48.  6d. 

*HALL  and  STEVENS.— A  TEXT- BOOK  OF  EUCLID'S  ELEMENTS.  In- 
cluding Alternative  Proofs,  together  with  additional  Theorems  and  Exercises, 
classified  and  arranged.  By  H.  S.  Hall,  M.A.,  and  F.  H.  Stevens,  M.A., 
Masters  of  the  Military  and  Engineering  Side,  Clifton  College.  Gl.  Svo.  Book 
I.,  Is.;  Books  I.  and  II.,  Is.  6d.;  Books  I.-IV.,  3s.;  Books  III.-IV.,  2s. ;  Books 
III.-VI.,  3s.;  Books V.-VI.  andXI.,  2s.  6d.;  Books  L-VI.  and  XL,  4s.  6d.;  Book 
XL,  Is.  [KEY.    In  iireparation. 

HALSTED.— THE  ELEMENTS  OF  GEOMETRY.  By  G.  B.  Halsted,  Professor 
of  Pure  and  Applied  Mathematics  in  the  University  of  Texas.     Svo.     12s.  6d. 

HAYWARD.— THE  ELEMENTS  OF  SOLID  GEOMETRY.  By  R.  B.  Hayward, 
M.A.,  F.R.S.     Gl.  Svo.     3s. 

LOOK.- EUCLID  FOR  BEGINNERS.  Being  an  Introduction  to  existing  Text- 
Books.     By  Rev.  J.  B.  Lock,  M.A.  [In  the  Press. 

MILNE  and  DAVIS.— GEOMETRICAL  CONICS.  Part  I.  Tlie  Parabola.  By 
Rev.  J.  J.  Milne,  M.A.,  and  R.  F.  Davis,  M.A.     Cr.  Svo.     2s, 

*RICHARDSON,— THE  PROGRESSIVE  EUCLID,  Books  I.  and  II.  With  Notes, 
Exercises,  and  Deductions.  Edited  by  A.  T,  Richardson,  M,A.,  Senior  Mathe- 
matical Master  at  the  Isle  of  Wight  College.    GLSvo,     2s.  6d. 

SYLLABUS  OF  PLANE  GEOMETRY  (corresponding  to  Euclid,  Books  L-VI.>— 
Prepared  by  the  Association  for  the  Improvement  of  Geometrical  Teaching. 
Cr.  Svo.     Sewed,  Is. 

SYLLABUS  OF  MODERN  PLANE  GEOMETRY.— Prepared  by  the  Association 
for  the  Improvement  of  Geometrical  Teaching.     Cr,  Svo.     Sewed.     Is. 

*TODHUNTER.— THE  ELEMENTS  OF  EUCLID.  By  I.  Todhunter,  F.R.8. 
ISmo,    3s,  6d.    *Books  I.  and  II.    Is.     KEY.    Cr,  Svo,     6s,  6d. 

WILSON.— Works  by  Ven,  Archdeacon  Wilson,  M.A.,  fonnerly  Hoadmaster  of 
Clifton  College. 
ELEMENTARY   GEOMETRY.     BOOKS   I.-V.      Containing   the   Subjects   of 
Euclid's  first  Six  Books.     Following  the  Syllabus  of  the  Geometrical  Associa- 
tion.    Ex,  fcap,  Svo.     4s,  6d. 
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WILSON.— Works  by  Ven.  ArclKloacon  Vf  iLnou— continued. 
SOLID  GEOMETRY  AND  CONIC  SECTIONS.     With  ApMudioM  on  Tnm»- 
versals  and  Harmonic  Division.    Ex.  leap.  8vo.    Ss.  OU. 

GEOMETRICAL  DRAWING. 

EAGLES.— CONSTRUCTIVE  GEOMETRY  OF  PLANE  CURVES.   By  T,  II. 

Eagles,  M.A.,  Instructor  in  Geometrical  Drawing  and  Lecturer  in  Arcbitecturv 

at  the  Royal  Indian  Engineering  College,  Cooper's  Hill.     Cr.  8vo.     128. 
EDGAR    and    PRITCHARD.  —  NOTE  -  BOOK   ON    PRACTICAL   SOLID    OU 

DESCRIPTIVE  GEOMETRY.    Containing  I'robleins  with  help  for  Solutions. 

By  J.  H.  Edgar  and  G.  S.  Pritcuabo.    4th  Ed.,  revised  by  A.  Mkszb.    OL 

8vo.     4s.  6d. 
♦KITCHENER.- A  GEOMETRICAL  NOTE-BOOK.    Containing  Kisy  Problem*  in 

Geometrical  Drawing  preparatory  to  the  Study  of  Geometry.     For  the  Use  of 

Schools.     By  F.  E.  Kitchener,  M.A.,  Headmaster  of  the  Ncwcastlc-nndcr- 

Lyme  High  School.    4to.     23. 
MILLAR.— ELEMENTS  OF  DESCRIPTIVE  GEOMETRY.     By  J.  B.  BIillar, 

Civil  Engineer,  Lecturer  on  Engineering  in  the  Victoria  University,  Manchester. 

2d  Ed.     Cr.  Svo.     6s. 
PLANT.— PRACTICAL  PLANE  AND  DESCRIPTIVE  GEOMETRY.     By  E.  G 

Plant.    Globe  Svo.  [In  preparation. 

MENSURATION. 

STEVENS.— ELEMENTARY  MENSURATION.     With  Exercises  on  the  Mensuni. 

tion  of  Plane  and  Solid  Figures.    By  F.  H.  Stevens,  M.A.    GI.  Svo. 

[In  prepimUion, 
TEBAY.— ELEMENTARY  MENSURATION    FOR  SCHOOLS.      By  8.  Tbbay. 

Ex.  fca)).  Svo.     3s.  6d. 
*TODHUNTER.— MENSURATION  FOR  BEGINNEIiS.     By  Isaac  Toduukte*. 

F.R.S.    ISmo.    2s.  6d.    KEY.    By  Rev.  Fr.  L.  McCarthy.    Cr.  Svo.  7s.  Cd. 

TRIGONOMETRY. 

BEASLEY.— AN  ELEMENTARY  TREATISE  ON  PLANE  TRIGONOMETRY. 

Witli  Examples.     By  R.  D.  Beasley,  M.A.    9th  Ed.,  revised  and  cnUrgcd. 

Cr.  Svo.     3s.  6d. 
BOTTOMLEY.— FOUR-FIGURE  MATHEMATICAL  TABLES.    Coinprislug  Lor- 

arithmic  and  Trigonometrical  Tables,  and  Tables  of  Sfjuares,  Souare  Rotitji, 

and  Reciprocals.     By  J.  T.  Bottomley,  M.A.,  Lecturer  m  Natural  Philosophy 

in  the  University  of  Glasgow.    Svo.     28.  6d. 
HAYWARD.— THE  ALGEBRA  OF  CO-PLANAR  VECTOIiS  AND  TRIGONO- 
METRY.   By  R.  B.  Hayward,  M.A.,  F.R.S.,  Assistant  Mauler  at  Ilarruw. 

^  [InUuITtu. 

JOHNSON.— A  TREATISE  ON  TRIGONOMETRY.     By  W.  E.  Joiiksom.  M.A., 

late  Scholar  and  Assistant  Mathematical   I^'cturer  at  King's  Colicg*^  Cam- 

bridge.     Cr.  Svo.    8s.  Cd. 
LEVETT  and  DAVISON.— ELEMENTS  OF  TRIGO>OMETUY.      By  IUwiwm 

Levetf  and  A.  F.  Davison,  Assistant  Masters  at  King  Edward's  School, 

Birmingham.  I'"  **'  '*"«*• 

LOCK.— Works  by  Rev.  J.  B.  Lock,  M.A.,  Senior  Fellow  and  Bur»r  of  OoarUl* 

and  Caius  College,  Cambridge. 
♦THE  TRIGONOMETRY  OF  ONE  ANGLE.    01.  Svo.    2s.  6d. 
♦TRIGONOMETRY  FOR  BEGINNERS,  as  far  as  the  Solution  of  TriaOflaa.    8d 

Ed.     Gl.  Svo.     2s.  6d.    KEY.     Cr.  Svo.    Gs.  Gd. 
♦ELEMENTARY  TRIGONOMETRY.     6th  Ed.  (in  this  edition  the  chapter  «i 

logarithms  has  been  carefully  revised).   Gi.  8vo.  48.041.    Khl.   Ct.  »tu  JJ^O*. 
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HIGHER  TRIGONOMETRY.    5th  Ed.     Gl.  8vo.    43.  6d.     Both  Parts  complete 
in  One  Volume.    Gl.  8vo.     7s.  6d. 

M'CLELLAND  and  PRESTON.  — A  TREATISE  ON  SPHERICAL  TRIGONO- 
METRY. With  applications  to  Spherical  Geometry  and  numerous  Examples. 
By  W.  J.  M'CLELLAND,  M.A.,  Principal  of  the  Incorporated  Society's  School, 
Santry,  Dublin,  and  T.  Preston,  M.A.  Cr.  8vo.  8s.  6d.,  or :  Part  I.  To  the 
End  of  Solution  of  Triangles,  4s.  Cd.     Part  II.,  6s. 

MATTHEWS.— MANUAL  OP  LOGARITHMS.  By  G.  F.  Matthews,  B.A.  8vo. 
5s.  net. 

PALMER.— TEXT  -  BOOK  OP  PRACTICAL  LOGARITHMS  AND  TRIGONO- 
METRY. By  J.  H.  Palmer,  Headmaster,  R.N.,  H.M.S.  Cambridge,  Devon- 
port.     Gl.  Svo.     4s.  6d. 

SNOWBALL.— THE  ELEMENTS  OF  PLANE  AND  SPHERICAL  TRIGONO- 
METRY.    By  J.  C.  Snowball.     14th  Ed.     Cr.  8vo.    7s.  6d. 

TODHUNTER.— Works  by  Isaac  Todhunter,  F.R.S. 

*TRIGONOMETRY  FOR  BEGINNERS.    18mo.   2s.  6d.      KEY.   Cr.  8vo.   8s.  6d. 
PLANE  TRIGONOMETRY.     Cr.  Svo.     5s.    A  New  Edition,  revised  by  R.  W. 

Hogg,  M.A.    Cr.  Svo.     5s.     KEY.    Cr.  Svo.     lOs.  6d. 
A  TREATISE  ON  SPHERICAL  TRIGONOMETRY.     Cr.  Svo.     4s.  6d. 

WOLSTENHOLME.— EXAMPLES  FOR  PRACTICE  IN  THE  USE  OF  SEVEN- 
FIGURE  LOGARITHMS.  By  Joseph  Wolstenholme,  D.Sc,  late  Professor 
of  Mathematics  in  the  Royal  Indian  Engineering  Coll.,  Cooper's  Hill.  Svo. 
5s. 

ANALYTICAL  GEOMETRY  (Plane  and  Solid). 

DYER.-EXERCISES  IN  ANALYTICAL  GEOMETRY.     By  J.  M.  Dyer,  M.A., 

Assistant  Master  at  Eton.     Illustrated.     Cr.  Svo.    4s.  6d. 
FERRERS.— AN    ELEMENTARY  TREATISE    ON    TRILINEAR   CO-ORDIN- 
ATES, the  Method  of  Reciprocal  Polars,  and  the  Theory  of  Projectors.     By 
the  Rev.  N.  M.  Ferrers,  D.D.,  F.R.S.,  Master  of  Gonville  and  Caius  College, 
Cambridge.     4th  Ed.,  revised.     Cr.  Svo.     6s.  6d. 
FROST.— Works  by  Percival  Frost,  D.Sc,  F.R.S.,  Fellow  and  Mathematical 
Lecturer  at  King's  College,  Cambridge. 
AN  ELEMENTARY  TREATISE  ON  CURVE  TRACING.     8vo.     12s. 
SOLID  GEOMETRY.     3d  Ed.     Demy  Svo.     163. 

HINTS  FOR  THE  SOLUTION  OF  PROBLEMS  in  the  Third  Edition  of  SOLID 
GEOMETRY.  Svo.  8s.  6d. 
JOHNSON.— CURVE  TRACING  IN  CARTESIAN  CO-ORDINATES.  By  W. 
WooLSEY  Johnson,  Professor  of  Mathematics  at  the  U.S.  Naval  Academy, 
Annapolis,  Maryland.  Cr.  8vo.  4s.  6d. 
M'CLELLAND.— THE  GEOMETRY  OF  THE  CIRCLE.  By  W.  J.  M'Clelland, 
M.A.     Cr.  Svo.  [In  the  Press. 

PUCBaiE.— AN  ELEMENTARY  TREATISE  ON  CONIC  SECTIONS  AND  AL- 
GEBRAIC GEOMETRY.    With  Numerous  Examples  and  Hints  for  their  Solu- 
tion.    By  G.  H.  PucKLE,  M.A.     5th  Ed.,  revised  and  enlarged.     Cr.  Svo. 
7s.  6d. 
SMITH.— Works  by  Charles   Smith,  M.A.,  Master  of  Sidney  Sussex  College, 
Cambridge. 
CONIC  SECTIONS.     7th  Ed.    Cr.  Svo.    7s.  6d. 
SOLUTIONS  TO  CONIC  SECTIONS.     Cr.  Svo.     10s.  6d. 

AN  ELEMENTARY  TREATISE  ON  SOLID  GEOMETRY.     2d  Ed.     Cr.  8vo. 
9s.  6d. 
TODHUNTER.— Works  by  Isaac  Todhunter,  F.R.S. 
PLANE  CO-ORDINATE  GEOMETRY,  as  applied  to  the  Straight  Line  and  the 

Conic  Sections.     Cr.  Svo.    7s.  6d. 
KEY.     By  C.  W.  Bourne,  M.A.,  Headmaster  of  King's  College  School.    Cr.  Svo. 
10s.  Gd. 
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TODHUNTER.— Works  by  Isaac  Todhunter,  F.'R.H.— continual. 
EXAMPLES   OF  ANALYTICAL   GEOMETRY   OF  THREE   DIMENSIONS. 

New  Ed.,  revised.     Cr.  8vo.    4s. 

PROBLEMS  AND  QUESTIONS  IN 
MATHEMATICS. 

ARMY  PRELIMINARY  EXAMINATION,  1882-1890,  Specimens  of  Papers  set  at 
tlie.  With  Answers  to  the  Mathematical  Questions.  Subjects:  Arithmetic, 
Algebra,  Euclid,  Geometrical  Drawing,  Geography,  French,  English  Dictation. 
Cr.  8vo.     3s.  6d. 

CAMBRIDGE    SENATE -HOUSE   PROBLEMS   AND   RIDERS,   WITH  SOLU- 
TIONS:— 
1875— PROBLEMS  AND  RIDERS.    By  A.  G.  Grkknhill,  F.R.S.  Cr.  8vo.  8a.  M. 
1878— SOLUTIONS  OP  SENATE-HOUSE  PROBLEMS.     By  the  Mathematical 
Moderators  and  Examiners.    Edited  by  J.  W.  L.  Glaisbeb,  F.R.8.,  Fellow  of 
Trinity  College,  Cambridge.     12s. 

CHRISTIE.— A  COLLECTION  OF  ELEMENTARY  TEST-QUESTIONS  IN  PURE 
AND  MIXED  MATHEMATICS ;  with  Answers  and  Appendices  on  Spthetic 
Division,  and  on  the  Solution  of  Numerical  Equations  by  Homer's  Method. 
By  James  R.  Christie,  F.R.S.     Cr.  8vo.    88.  6d, 

CLIFFORD.— MATHEMATICAL  PAPERS.  By  W.  K.  Clifford.  Edited  by  R. 
Tucker.     With  an  Introduction  by  H.  J.  Stephen  Smith,  M.A-    Svo.    SOs. 

MILNE. — Works  by  Rev.  John  J.  Milne,  Private  Tutor. 
WEEKLY  PROBLEM  PAPERS.    With  Notes  intended  for  the  use  of  Students 
preparing  for  Mathematical  Scholarships,  and  for  Junior  Members  of  the  Uni- 
versities who  are  reading  for  Mathematical  Honours.    Pott  Svo.    48.  6d. 
SOLUTIONS  TO  WEEKLY  PROBLEM  PAPERS.    Cr.  8vo.    lOs.  6d. 
COMPANION  TO  WEEKLY  PROBLEM  PAPERS.    Cr.  Svo.     lOs.  6d. 

RICHARDSON.- PROGRESSIVE  MATHEMATICAL  EXERCISES,  for  Home 
Work.  First  Series.  By  A.  T.  Richardson,  M.A.,  Senior  Mathematical 
Master  at  the  Isle  of  Wight  College.     Gl.  Svo.  [In  the  Press. 

SANDHURST  MATHEMATICAL  PAPERS,  for  admission  into  the  Royal  Military 
College,  1881-1889.  Edited  by  E.  J.  Brooksmith,  B.A.,  Instmctor  in  Mathe- 
matics at  the  Royal  Military  Academy,  Woolwich.     Cr.  Svo.    Ss.  6d. 

WOOLWICH  MATHEMATICAL  PAPERS,  for  Admission  into  the  Royal  Military 
Academy,  Woolwich,  1880-1890  inclusive.    By  the  same  Editor.     Cr.  Svo.    6s. 

WOLSTENHOLME.— Works  by  Joseph  Wolstenholme,  D.Sc.,  late  Professor  of 
Mathematics  in  the  Royal  Engineering  Coll.,  Cooper's  Hill. 
MATHEMATICAL  PROBLEMS,  on  Subjects  included  in  the  First  and  Second 
Divisions  of  the  Schedule  of  Subjects  for  the  Cambridge  Mathematical  Tripos 
Examination.  3d  Ed.,  greatly  enlarged.  Svo.  ISs. 
EXAMPLES  FOR  PRACTICE  IN  THE  USE  OF  SEVEN -FIGURE  LOG- 
ARITHMS.   Svo.     5s. 

HIGHER  PURE  MATHEMATICS. 

AIRY.— Works  by  Sir  G.  B.  Airy,  K.C.B.,  formerly  Astronomer-Royal. 
ELEMENTARY  TREATISE  ON  PARTIAL  DIFFERENTIAL  EQUATIONS. 

With  Diagrams.     2d  Ed.     Cr.  Svo.    5s.  6d. 
ON  THE  ALGEBRAICAL  AND  NUMERICAL  THEORY  OP  ERRORS  OP 

OBSERVATIONS    AND    THE     COMBINATION     OF    OBSERVATIONS. 

2d  Ed,,  revised.     Cr.  Svo.     68.  6d. 
BOOLE.— THE  CALCULUS  OF  FINITE  DIFFERENCES.    By  O.  BooLB.   8d  Ed., 

revised  by  J.  F.  Moulton,  Q.C.     Cr.  Svo.     lOs.  6d. 
EDWARDS.— THE  DIFFERENTIAL  CALCULUS.     By  Joseph  Edwabm,  M.A. 

With  Applications  and  numerous  Examples.    Cr.  Svo.     lOs.  6d. 
FERRERS.— AN  ELEMENTARY  TREATISE  ON  SPHERICAL  HARMONICS, 

AND  SUBJECTS  CONNECIED  WITH  THEM.     By  Hpv.  N.  M.  Pbkbkrm, 

D.D.,F.R.S.,  Master  of  Gonvillc  and  Caius  College,  Cambridge.    Cr.Sra   7s.  6d. 
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FORSYTH. -A  TREATISE  ON  DIFFERENTIAL  EQUATIONS.      By  Andrew 

Russell  Fousyth,  F.R.S.,  Fellow  and  Assistant  Tutor  of  Trinity  College, 

Cambridge.     2d  Ed.     8vo,     14s. 
FROST.— AN  ELEMENTARY  TREATISE  ON  CURVE  TRACING.     By  Pebcival 

Frost,  M.A.,  D  Sc.    8vo.     12s. 
GRAHAM.— GEOMETRY  OF  POSITION.     By  R.  H.  Graham.     Cr,  8vo.    7s.  6d. 
GREENHILL.— DIFFERENTIAL  AND  INTEGRAL    CALCULUS.      By  A.   G. 

Greenhill,  Professor  of  Mathematics  to  the  Senior  Class  of  Artillery  Officers, 

Woolwich.     New  Ed.     Cr.  8vo.     10s.  6d. 
APPLICATIONS  OF  ELLIPTIC  FUNCTIONS.    By  the  same.         [In  tU  Press. 
HEMMING.— AN  ELEMENTARY  TREATISE  ON  THE  DIFFERENTIAL  AND 

INTEGRAL  CALCULUS.    By  G.  W.  Hemming,  M.A.     2d  Ed.    8vo.    9s. 
JOHNSON.— Works  by  William  Woolsey  Johnson,  Professor  of  Mathematics  at 

the  U.S.  Naval  Academy,  Annapolis,  Maryland. 
INTEGRAL  CALCULUS,  an  Elementary  Treatise  on  the.     Founded  on  the 

Method  of  Rates  or  Fluxions.     8vo.    9s. 
CURVE  TRACING  IN  CARTESIAN  CO-ORDINATES.     Cr.  8vo.     4s.  6d. 
A  TREATISE  ON  ORDINARY  AND  DIFFERENTIAL  EQUATIONS.     Ex.  cr. 

8vo.     15s. 
KELLAin)  and  TAIT.— INTRODUCTION  TO  QUATERNIONS,  with  numerous 

examples.     By  P.  Kelland  and  P.  G.  Tait,  Professors  in  the  Department  of 

Mathematics  in  the  University  of  Edinburgh.    2d  Ed.     Cr.  8vo.     7s.  6d. 
KEMPE.— HOW  TO  DRAW  A  STRAIGHT  LINE :  a  Lecture  on  Linkages.     By  A. 

B.  Kempe.     Illustrated.    Cr.  8vo.     Is.  6d. 
KNOX.— DIFFERENTIAL  CALCULUS  FOR  BEGINNERS.      By  Alexander 

Knox.     Fcap.  8vo.    Ss.  6d. 
MXJIR.— THE  THEORY  OP  DETERMINANTS  IN  THE  HISTORICAL  ORDER 

OF  ITS  DEVELOPMENT.     Parti.    Determinants  in  General.    Leibnitz  (1693) 

to  Cayley  (1841).    By  Thos.  Muir,  Mathematical  Master  in  the  High  School  of 

Glasgow.    8vo.    10s.  6d. 
RICE  and  JOHNSON.— AN  ELEMENTARY  TREATISE  ON  THE  DIFFEREN- 
TIAL CALCULUS.    Founded  on  the  Method  of  Rates  or  Fluxions.    By  J.  M. 

Rice,  Professor  of  Mathematics  in  the  United  States  Navy,  and  W.  W.  John- 
son, Professor  of  Mathematics  at  the  United  States  Naval  Academy.    3d  Ed., 

revised  and  corrected.     8vo.    18s.    Abridged  Ed.    9s. 
TODHUNTER.— Works  by  Isaac  Todhunteb,  F.R.S. 

AN    ELEMENTARY    TREATISE    ON    THE    THEORY   OF    EQUATIONS. 

Cr.  8vo.    7s.  6d. 
A  TREATISE  ON   THE   DIFFERENTIAL  CALCULUS.     Or.   Svo.      10s.   6d. 

KEY.     Cr.  8vo.     10s.  6d. 
A  TREATISE  ON  THE  INTEGRAL  CALCULUS  AND  ITS  APPLICATIONS. 

Cr.  Svo.     10s.  6d.     KEY.     Cr.  8vo.     10s.  6d. 
A  HISTORY  OF  THE  MATHEMATICAL  THEORY  OF  PROBABILITY,  from 

the  time  of  Pascal  to  that  of  Laplace.    8vo.     18s. 
AN  ELEMENTARY  TREATISE  ON  LAPLACE'S,  LAME'S,  AND  BESSBL'S 

FUNCTIONS.     Cr.  8vo.    10s.  6d. 

MECHANICS:  Statics,  Dynamics,  Hydrostatics, 
Hydrodynamics.     (See  also  Physics.) 

ALEXANDER  and  THOMSON.— ELEMENTARY  APPLIED  MECHANICS.  By 
Prof.  T.  Alexander  and  A.  W.  Thomson.  Part  II.  Transverse  Stress. 
Cr.  Svo.     10s.  6d. 

BALL.— EXPERIMENTAL  MECHANICS.  A  Course  of  Lectures  delivered  at  the 
Royal  College  of  Science  for  Ireland.  By  Sir  R.  S.  Ball,  F.R.S.  2d  Ed. 
Illustrated.    Cr.  Svo.    6s. 

CLIFFORD.— THE  ELEMENTS  OF  DYNAMIC.  An  Introduction  to  the  Study  of 
Motion  and  Rest  in  Solid  and  Fluid  Bodies.  By  W.  K.  Clifford.  Part  I.— 
Kinematic.    Cr.  Svo.     Books  I.-III.  7s.  Od. ;  Book  IV.  and  Appendix,  6s. 
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COTTERILL.— APPLIED  MECHANICS:  An  Elementary  General  Introduction  to 

tlie  Theory  of  Structures  and  Madiines.    By  J.  H.  Cottbbili^  P. R8.,  ProfeMor 

of  Applied  Mechanics  in  the  Royal  Naval  College,  Greenwich.    8vo.    Ite. 
COTTERILL  and  SLADE.— LESSONS  IN  APPLIED  MECHANICS.     By  Prof. 

J.  H.  COTTERILL  and  J.  H.  Slade.     Fcap.  8vo.     Ss,  6d. 
DYNAMICS,  SYLLABUS  OF  ELEMENTARY.     Part  I.  Linear  DynarnJca.     With 

an  Appendix  on  the  Meanings  of  the  Symbols  in  Physical  Equations.     Preparccl 

by  the  Association  for  the  Improvement  of  Geometrical  Teaching.    4to.     Is, 
GANGDILLET  and  KUTTER.— A  GENERAL  FORMULA  FOR  THE  UNIFORM 

FLOW  OF  WATER  IN  RIVERS  AND  OTHER  CHANNELS.     By  B.  Gaw- 

GUiLLET  and  W.  R.  Kutter.    Translated,  with  Additions,  including  Tables  and 

Diagrams,  and  the  Elements  of  over  1200  Gaugings  of  Rivers,  Small  Channels, 

and  Pipes  in  English  Measure,  by  R.  Herino,  Assoc.  Am.  See.  C.B.,  M.  Inst. 

C.E.,  and  J.  C.  Trautwine  Jun.,  Assoc.  Am.  Hoc  C.E.,  Assoc  InsL  C.B. 

8vo.     17s. 
GRAHAM. -GEOMETRY  OF  POSITION.     By  R.  H.  Graham.    Cr.  8vo.    7s.  fliL 
GREAVES.— Works  by  John  Greaves,  M.A.,  Fellow  and  Mathematical  Lecturer 

at  Christ's  College,  Cambridge. 
*STATICS  FOR  BEGINNERS.     Gl.  8vo.     Ss.  6d. 

A  TREATISE  ON  ELEMENTARY  STATICS.     2d  Ed.    Cr.  8vo.     69.  6d. 
GREENHILL.— HYDROSTATICS.    By  A.  G.  Greenhill,  Professor  of  MathemaHc* 

to  the  Senior  Class  of  Artillery  Officers,  Woolwich.     Cr.  8vo.     [In  prtparation. 
*HICKS.-ELEMENTARY  DYNAMICS  OF  PARTICLES  AND  SOLIDS.      Bv 

W.  M.  Hicks,  D.Sc,  Principal  and  Professor  of  Mathematics  and  Physics,  Firth 

College,  Sheffield.    Cr.  8vo.     6s.  6d. 
JELLETT.— A  TREATISE  ON  THE  THEORY  OF  FRICTION.     By  Johji  H. 

Jellett,  B.D.,  late  Provost  of  Trinity  College,  Dublin.    8vo.    8s.  6d. 
KENNEDY.— THE  MECHANICS  OF  MACHINERY.     By  A.  B.  W.  Kbnhcdt, 

F.R.S.     Illustrated.     Cr.  8vo.     128.  6d. 
LOCK.— Works  by  Rev.  J.  B.  Lock,  M.A. 
*ELEMENTARY  STATICS.     2d  Ed.    Gl.  8vo.    48.  6d. 
^ELEMENTARY  DYNAMICS.     3d  Ed.     Gl.  8vo.     4s.  6d. 
ELEMENTARY  HYDROSTATICS.    Gl.  8vo.  [In  preparatUm. 

♦MECHANICS  FOR  BEGINNERS.      Gl.  8vo.     Part  L  MECHAifics  or  Soum. 
3s.  6d.    Part  II.  Mechanics  of  Fluids.  [In  preparation. 

MACGREGOR.— KINEMATICS  AND  DYNAMICS.       An  Elementary  Tmtiae. 

By  J.  G.  MacGregor,  D.Sc,  Munro  Professor  of  Physics  in  Dalhousie  Collegp, 

Halifax,  Nova  Scotia.     Illustrated.    Cr.  8vo.    lOs.  6d. 
PARKINSON.— AN    ELEMENTARY  TREATISE    ON    MECHANICS.      By   8. 

Parkinson,  D.D.,  F.R.S.,  late  Tutor  and  Praelector  of  St  John's  OoUege, 

Cambridge.     6th  Ed.,  revised.    Cr.  8vo.    9s.  6d. 
PIRIE.— LESSONS  ON  RIGID  DYNAMICS.    By  Rev.  G.  Pibib,  M.A.,  ProfeMor 

of  Mathematics  in  the  University  of  Aberdeen.    Cr.  8vo.    6«. 
ROUTH.— Works  by  Edward  John  Routh,  D.Sc,  LL.D.,  F.Ra,  Hon.  Fallov 

of  St.  Peter's  College,  Cambridge. 
A  TREATISE  ON  THE  DYNAMICS  OF  THE  SYSTEM  OF  RIGID  BODIBS. 

With  numerous  Examples.     Two  Vols.     8vo.     Vol.   I.— BlemenUry  P»rt«. 

5th  Ed.    14s.    Vol.  II.— The  Advanced  Parts.    4th  Ed.    14s. 
STABILITY  OP  A  GIVEN  STATE  OF  MOTION,  PARTICULARLY  STEADY 

MOTION.     Adams  Prize  Essay  for  1877.    8vo.    8s.  6d. 
•SANDERSON. -HYDROSTATICS  FOR  BEGINNERS.     By  F.  W.  Sandbbbosi. 

M.A.,  Assistant  Master  at  Dulwich  College.    Gl.  8vo,    4*.  6d. 
TATT  and  STEELE.-A  TREATISE  ON  DYNAMICS  OP  A  PARTICLIL      By 

Professor  Tait,  M.A.,  and  W.  J.  Steblb,  B.A-   6th  Bd.,  revised.   Cr.  «TO.   Iti. 
TODHUNTER.— Works  by  Isaac  ToDHUNTEB,  F.R.S. 
♦MECHANICS  FOR  BEGINNERS.     18mo.     48.  (W.     KEY.    Or.  Bra.    A^  M. 
A  TREATISE  ON  ANALYTICAL  STATICS.     6th  Ed.     8dit«d  by  Plof.  J.  U 

Everett,  F.R.S.     Cr.  8vo.     lOs.  6d. 
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PHYSICS :  Sound,  Light,  Heat,  Electricity,  Elasticity, 
Attractions,  etc.     (See  also  Mechanics.) 

AIRY.— "Works  by  Sir  G.  B.  Airy,  K.C.B.,  formerly  Astronomer-Royal. 
ON  SOUND  AND  ATMOSPHERIC  VIBRATIONS.      With  the  Mathematical 

Elements  of  Music.     2d  Ed.,  revised  and  enlarged.     Cr.  8vo.    9s. 
GRAVITATION :  An  Elementary  Explanation  of  the  Principal  Perturbations  in 

the  Solar  System.     2d  Ed.    Cr.  8vo.     7s.  6d. 
CLAUSroS.— MECHANICAL  THEORY  OF  HEAT.     By  R.  Clausius.     Trans- 
lated by  W.  R.  Browne,  M.A.     Cr.  8vo.     10s.  6d. 
CUIVIMING.— AN    INTRODUCTION    TO   THE   THEORY   OF   ELECTRICITY. 

By  LiNNiEus  Gumming,  M.A.,  Assistant  Master  at  Rugby,    Illustrated.   Cr.  8vo. 

8s.  6d. 
DANIELL.— A  TEXT-BOOK  OF  THE  PRINCIPLES  OF  PHYSICS.    By  Alfred 

Daniell,  D.Sc.     Illustrated.     2d  Ed.,  revised  and  enlarged.     Svo.     21s. 
DAY.— ELECTRIC  LIGHT  ARITHMETIC.    By  R.  B.  Day,  Evening  Lecturer  in 

Experimental  Physics  at  King's  College,  London.     Pott  8vo.     2s. 
EVERETT.— ILLUSTRATIONS  OF  THE  C.  G.  S.  SYSTEM  OF  UNITS  WITH 

TABLES  OF  PHYSICAL  CONSTANTS.    By  J.  D.  Everett,  F.R.S.,  Professor 

of  Natural  Philosophy,  Queen's  College,  Belfast.    New  Ed.    Ex.  fcap.    Svo.    5s. 
FERRERS.— AN  ELEMENTARY  TREATISE  ON  SPHERICAL  HARMONICS, 

and  Subjects  connected  with  them.     By  Rev.  N.  M.  Ferrers,  D.D.,  F.R.S., 

Master  of  Gonville  and  Caius  College,  Cambridge.     Cr.  8vo.    7s.  6d. 
FESSENDEN.  — PHYSICS    FOR    PUBLIC    SCHOOLS.      By    C.    Fessenden. 

Illustrated.     Fcap.  Svo.  [In  the  Press. 

GRAY.— THE  THEORY  AND  PRACTICE  OF  ABSOLUTE  MEASUREMENTS 

IN  ELECTRICITY  AND  MAGNETISM.     By  A.  Gray,  F.R.S.E.,  Professor 

of  Physics  in  the  University  College  of  North  Wales.     Two  Vols.    Cr.  Svo. 

Vol.  L     12s.  6d.  [Vol.  II.    In  the  Press. 

ABSOLUTE  MEASUREMENTS  IN  ELECTRICITY  AND  MAGNETISM.     2d 

Ed.,  revised  and  greatly  enlarged.    Fcap.  Svo.     5s.  6d. 
IBBETSON.— THE   MATHEMATICAL   THEORY  OF  PERFECTLY   ELASTIC 

SOLIDS,  with  a  Short  Account  of  Viscous  Fluids.     By  W.  J.  Ibbetson,  late 

Senior  Scholar  of  Clare  College,  Cambridge.    Svo.     21s. 
JOHNSON.— NATURE'S  STORY  BOOKS.      L   Sunshine.      By  Amy  Johnson, 

LL.A.     Illustrated.  [hi  the  Press. 

*  JONES.— EXAMPLES  IN  PHYSICS.      Containing  over  1000  Problems  with 

Answers  and  numerous  solved  Examples,     Suitable  for  candidates  preparing 

for  the  Intermediate,  Science,  Preliminary,  Scientific,  and  other  Examinations 

of  the  University  of  London.    By  Prof.  D.  E.  Jones,  B.Sc,    Fcap.  Svo.   3s.  6d. 
^ELEMENTARY  LESSONS  IN  HEAT,  LIGHT,  AND  SOUND.    By  the  same. 

Gl.  Svo.     23.  6d, 
LOOKYER,— CONTRIBUTIONS  TO  SOLAR  PHYSICS.     By  J,  Norman  Lockyer, 

F,R.S.     With  Illustrations,     Royal  Svo,     31s,  6d. 
LODGE.— MODERN  VIEWS  OF  ELECTRICITY.    By  Oliver  J.  Lodge,  F.R.S., 

Professor  of  Experimental  Physics  in  University  College,  Liverpool.    Illus- 
trated.    Cr.  Svo.     6s.  6d. 
LOEWY.— *QUESTIONS  AND  EXAMPLES  ON  EXPERIMENTAL  PHYSICS : 

Sound,  Light,  Heat,  Electricity,  and  Magnetism.    By  B.  Loewy,  Examiner  in 

Experimental  Physics  to  the  College  of  Preceptors.     Fcap.  Svo.     2s. 
*A  GRADUATED  COURSE  OF  NATURAL  SCIENCE  FOR  ELEMENTARY 

AND  TECHNICAL  SCHOOLS  AND  COLLEGES.     By  the  same.     Gl.  Svo. 

In  Three  Parts.    Part  I.  First  Year's  Course,     2s,    Part  II,  Second  Year's 

Course,     2s,  6d. 
LUPTON.— NUMERICAL    TABLES    AND    CONSTANTS    IN    ELEMENTARY 

SCIENCE.     By  S.  Lupton,  M,A.,  late  Assistant  Master  at  Han-ow.     Ex.  fcap. 

Svo.     2s.  6d. 
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MAOFARLANE.— PHYSICAL  ARITIIMBTIO.    By  A.  Macfarlamb,  D  8c  Ut« 

Examiner  in  Mathematics  at  the  University  of  Edinburgh.    Cr.  8vo.    7«.  6d. 

*MAYER.— SOUND:  A  Series  of  Simple,  Entertaining,  and  Inexpensive  Experi- 
ments in  the  Plienomena  of  Sound.  By  A.  M.  Mayer,  Professor  of  Physiea 
in  the  Stevens  Institute  of  Technology.     Illustrated.    Cr.  8vo.    Ss.  6d. 

«MAYER  and  BARNARD.— LIGHT :  A  Series  of  Simple,  Entertaining,  and  In- 
expensive Experiments  in  the  Phenomena  of  Light  By  A.  M.  Maykk  and 
C.  Barnard.     Illustrated.     Cr.  8vo.    2s.  6d. 

MOLLOY.— GLEANINGS  IN  SCIENCE  :  Popular  Lectures  on  Soientiflc  8u»\}ectA 
By  the  Rev.  Gerald  Molloy,  D.Sc,  Rector  of  the  Catholic  University  of 
Ireland.     8vo.     7s.  6d. 

NEWTON.— PRINCIPI A.    Edited  by  Prof.  Sir  W.  Thomsok,  P.Ra,  and  Prof. 

Blackburne.     4to.     31s.  6d. 

THE  FIRST  THREE  SECTIONS  OP  NEWTON'S  PRINCIPIA.     With  Note* 

and  Illustrations.     Also  a  Collection  of  Problems,  principally  intended  M 

Examples  of  Newton's  Methods.    By  P.  Frost,  M.  A.,  D.Sc.    8d  Ed.    8vo.    Ita. 

PARKINSON.— A  TREATISE  ON  OPTICS.  By  S.  PAnKiNSOW,  D.D..  F.R.S.. 
late  Tutor  and  Prselector  of  St.  John's  College,  Cambridge.  4th  Ed.,  revi<ie<l 
and  enlarged.     Cr.  8vo.     10s.  6d. 

PEABODY.- THERMODYNAMICS  OP  THE  STEAM-ENGINE  AND  OTHER 
HEAT-ENGINES.  By  Cecil  H.  Peabody,  Associate  Professor  of  Steam 
Engineering,  Massachusetts  Institute  of  Technology.    8vo.     2l8. 

PERRY.  —  STEAM :  An  Elementary  Treatise.  By  John  Perry,  Proiteor 
of  Mechanical  Engineering  and  Applied  Mechanics  at  ti>e  Technical  CoDege, 
Finsbury.     18mo.     4s.  6d. 

PICKERING.— ELEMENTS  OF  PHYSICAL  MANIPULATION.  By  Prof.  Ed- 
ward C.  Pickering.    Medium  8vo.     Part  I.,  12s.  6d.    Part  II.,  I4s. 

PRESTON.— THE  THEORY  OF  LIGHT.     By  Thomab  Pkmton,  M.A.     Dlna- 
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bridge.   Vol.  I. — Ancient  Philosophy  and  the  First  to  the  Thirteenth  Centuries. 
Vol.  II.— Fourteenth  Century  and  the  French  Revolution,  with  a  glimpse  into 
the  Nineteenth  Century.    4th  Ed.     2  vols.    8vo.    16s. 
*RAY.— A  TEXT-BOOK  OF  DEDUCTIVE  LOGIC  FOR  THE  USE  OF  STUDENTS. 
By  P.  K.  Ray,  D.Sc,  Professor  of  Logic  and  Philosophy,  Presidency  College, 
Calcutta.    4th  Ed.    Globe  8vo.    4s.  6d. 
SIDGWIOK.— Works  by  Henry  Sidqwick,  LL.D.,  D.C.L.,  Knightbridge  Professor 
of  Moral  Philosophy  in  the  University  of  Cambridge. 
THE  METHODS  OF  ETHICS.    4th  Ed.    8vo.    14s.    A  Supplement  to  the  2d  Ed., 
containing  all  the  important  Additions  and  Alterations  in  the  3d  Ed.    8vo.    6s. 
OUTLINES  OF  THE  HISTORY  OF  ETHICS,  for  English  Readers.    2d  Ed., 
revised.     Cr.  Svo.    3s.  6d. 
VENN.— Works  by  John  Venn,  F.R.S.,  Examiner  in  Moral  Philosophy  in  the 
University  of  London. 
THE  LOGIC  OF  CHANCE.    An  Essay  on  the  Foundations  and  Province  of  the 
Theory  of  Probability,  with  special  Reference  to  its  Logical  Bearings  and  its 
Application  to  Moral  and  Social  Science.    3d  Ed.,  rewritten  and  greatly  en- 
larged.   Cr.  8vo.    10s.  6d. 
SYMBOLIC  LOGIC.    Cr.  Svo.    lOs.  6d. 
THE  PRINCIPLES  OF  EMPIRICAL  OR  INDUCTIVE  LOGIC.    Svo.    18s. 
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POLITICAL  ECONOMY. 

BASTABLE.— PUBLIC  FINANCE.    By  C.  F.  Bastable,  ProfeiMor  of  Political 

.,  Economy  at  Trinity  College,  Dublin.     8vo.  (/n  tk$  PrcM. 

BOHM-BAWERK.— CAPITAL  AND  INTEREST.  Translated  by  William  Skabt. 

M.A.     8vo.     12s.  net. 
THE  POSITIVE  THEORY  OF  CAPITAL.    By  the  same  Author  and  TranaUtor. 

8vo.     12s.  net. 
CAIRNES.— THE  CHARACTER  AND  LOGICAL  METHOD  OP   POLITICAL 

ECONOMY.     By  J.  B.  Cairnes.     Cr.  8vo.     68. 
SOME  LEADING  PRINCIPLES  OP  POLITICAL  ECONOMY  NEWLY  BX- 

POUNDED.     By  the  same.     8vo.     14s. 
COSSA.— GUIDE  TO  THE  STUDY  OF  POLITICAL  ECONOMY.      By  Dr.  I* 

CossA.    Translated.    With  a  Preface  by  W.  S.  .Tevons,  F.R.S.   Cr.  8vo.    48.  6cl. 
*FAWCETT.— POLITICAL  ECONOMY  FOR  BEGINNERS,  WITH  QUESTIOXa 

By  Mrs.  Henry  Fawcett.     7th  Ed.     18mo.    28.  6d. 
FAWOETT.— A  MANUAL  OF  POLITICAL  ECONOMY.   By  the  Right  Hon.'HKMRr 

Fawcett,  F.R.S.    7th  Ed.,  revised.    With  a  Chapter  on  "SUte  Hocialism  and 

the  Nationalisation  of  the  Land,"  and  an  Index.     Cr.  8vo.     128.  6d. 
AN  EXPLANATORY  DIGEST  of  the  above.    By  C.  A.  Waters,  B.A.    Or.  Sra 

2s.  6d. 
OILMAN.— PROFIT-SHARING  BETWEEN  EMPLOYER  AND  EMPLOYES.  A 

Study  in  the  Evolution  of  the  Wages  System.     By  N.  P.  Oilman.     Cr.  8ro. 

7s.  6d. 
GUNTON.— WEALTH  AND  PROGRESS:  A  Critical  Examination  of  the  Wagw 

Question  and  its  Economic  Relation  to  Social  Reform.    By  Gbobob  Qukto!*. 

Cr.  8vo.    6s. 
HOWELL.— THE  CONFLICTS  OF  CAPITAL  AND  LABOUR  HISTORICALLY 

AND  ECONOMICALLY  CONSIDERED.     Being  a  History  and  Review  of  the 

Trade  Unions  of  Great  Britain,  showing  their  Origin,  Progress,  Con8titutioii| 

and  Objects,  in  their  varied  Political,  Social,  Economical,  and  Indtutrial 

Aspects.    By  George  Howell,  M.P.    2d  Ed.,  revised.    Cr.  8vo.    7s.  M. 
JEVONS.- Works  by  W.  Stanley  Jevons,  F.R.S. 
*PRIMER  OF  POLITICAL  ECONOMY.     18mo.     Is. 

THE  THEORY  OF  POLITICAL  ECONOMY.    3d  Ed.,  revised.    8vo.    10s.  M. 
KEYNES.— THE  SCOPE  AND  METHOD   OF   POLITICAL  ECONOMY.      Bj 

J.  N.  Keynes,  D.Sc.    7s.  net. 
MARSHALL.  -PRINCIPLES  OF  ECONOMICS.     By  Alfred  Habsuall,  M.A. 

2  vols.     8vo.    Vol.  I.     2d  Ed.     128.  6d.  net 
MARSHALL.— THE  ECONOMICS   OF  INDUSTRY.     By  A.  Marshall,  M.A., 

Professor  of  Political  Economy  in  the  University  of  Cambridge,  and  Mart  P. 

Marshall.    Ex.  fcap.  8vo.    2s.  6d. 
PALGRAVE.— A  DICTIONARY  OF  POLITICAL  ECONOM  Y.  By  various  Writer*. 

Edited  by  R.  H.  Inolis  Palgrave,  F.R.S.    Ss.  6d.  each,  net.    No.  I.  Jutp  1»1. 
PANTALEONL— MANUAL  OF  POLITICAL  ECONOMY.     By  Prof.  M.  Paxta. 

leoni.    Translated  by  T.  Boston  Bruce.  [Inprtparotton, 

SIDGWICK.— THE    PRINCIPLES   OF   POLITICAL  ECONOMY.     By  Hkvrt 

SiDQWicK,  LL.D.,  D.C.L.,  Knightbridge  Professor  of  Moral  Fhilosoph/  in  tb* 

University  of  Cambridge.     2d  Ed.,  revised.      8vo.    168. 
SMART.— AN  INTRODUCTION  TO  THE  THEORY  OF  VALUE,    By  William 

Smart,  M.A.    Crown  8vo.  {/»  «*<  FttM, 

WALKER.— Works  by  Francis  A,  Walker,  M.A- 

FIRST  LESSONS  IN  POLITICAL  ECONOMY.     Cr.  8to.     5«. 
A  BRIEF  TEXT-BOOK  OF  POLITICAL  ECONOMY.    Cr.  8vo.    fl&  6<L 
POLITICAL  ECONOMY.    2d  Ed.,  revised  and  enlarged.    8vo.     12b.  <Jd. 
THE  WAGES  QUESTION.     Ex.  Cr.  8vo.    88.  6d.  net 
MONEY.    Ex.  Cr.  8vo.     8s.  6d.  net. 
•♦WICKSTEED.- ALPHABET  OF  ECONOMIC  SCIENCE.    By  Phiup  U- WKa. 

steed,  M.A.    Part  L    Elements  of  the  Theory  of  Value  or  Worth.    OL  •?• 

2s.  6d. 
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LAW  AND  POLITICS. 

ADAMS  and  CUNNINGHAM.— THE  SWISS  CONFEDERATION.    By  Sir  F.  O. 

Adams  and  C.  Cunningham.     8vo.     14s. 
ANGLO-SAXON  LAW,  ESSAYS  ON.— Contents :  Anglo-Saxon  Law  Courts,  Land 

and  Family  Law,  and  Legal  Procedure.     8vo.     18s. 
BALL.— THE  STUDENT'S  GUIDE  TO  THE  BAR.    By  Walter  W.  R.  Ball,  M.A., 
Fellow  and  Assistant  Tutor  of  Trinity  College,  Cambridge.    4th  Ed.,  revised. 
Cr.  Svo.     2s.  6d. 
BIGELOW.— HISTORY  OP  PROCEDURE  IN  ENGLAND  FROM  THE  NORMAN 
CONQUEST.    The  Norman  Period,  1066-1204.     By  Melville  M.  Bioelow, 
Ph.D.,  Harvard  University.     Svo.     16s. 
BOUTMY.  -  STUDIES    IN    CONSTITUTIONAL    LAW.      By    Emile    Boutmy. 
Translated  by  Mrs.  Dicey,  with  Preface  by  Prof.  A.  V.  Dicey.     Cr.  Svo.    6s. 
THE  ENGLISH  CONSTITUTION.    By  the  same.    Translated  by  Mrs.  Eaden, 
with  Introduction  by  Sir  F.  Pollock,  Bart.     Cr.  Svo.    6s. 
BRYOE.— THE  AMERICAN  COMMONWEALTH.  By  James  Bryce,  M.P.,  D.C.L., 
Regius  Professor  of  Civil  Law  in  the  University  of  Oxford.    Two  Volnines. 
Ex.  cr.  Svo.     25s.     Part  I.    The  National  Government.     Part  II.  The  State 
Governments.    Part    III.    The  Party  System.      Part    IV.     Public  Opinion. 
Part  V.  Illustrations  and  Reflections.    Part  VI.  Social  Institutions. 
*BUCKLAND.— OUR  NATIONAL  INSTITUTIONS.    A  Short  Sketch  for  Schools. 

By  Anna  Buckland.    With  Glossary.    18mo.     Is. 
CHERRY.— LECTURES  ON  THE  GROWTH  OF  CRIMINAL  LAW  IN  ANCIENT 
COMMUNITIES.    By  R.  R.  Cherry,  LL.D.,  Reid  Professor  of  Constitutional 
and  Criminal  Law  in  the  University  of  Dublin.     Svo.    5s.  net. 
DICEY.- INTRODUCTION  TO  THE  STUDY  OF  THE  LAW  OF  THECONSTITU- 
TION.     By  A.  V.  Dicey,  B.C.L.,  Vinerian  Professor  of  English  Law  in  the 
University  of  Oxford.     3d  Ed.    Svo.    12s.  6d. 
DILKE.-PROBLEMS    OF    GREATER  BRITAIN.      By    the    Right    Hon.    Sir 

Charles  Wentworth  Dilke.     With  Maps.    4th  Ed.     Ex.  cr.  Svo.     12s.  6d. 
DONISTHORPE.— INDIVIDUALISM :  A  System  of  Politics.     By  Wordsworth 

Donisthorpe.    Svo.     14s. 
ENGLISH  CITIZEN,  THE.— A  Series  of  Short  Books  on  his  Rights  and  Responsi- 
bilities.   Edited  by  Henry  Craik,  LL.D.    Or.  Svo.    3s.  6d.  each. 
CENTRAL  GOVERNMENT.    By  H.  D.  Traill,  D.C.L. 
THE  ELECTORATE  AND  THE  LEGISLATURE.    By  Spencer  Walpole. 
THE  POOR  LAW.    By  Rev.  T.  W.  Fowle,  M.A.    New  Ed.     With  Appendix. 
THE  NATIONAL  BUDGET ;  THE  NATIONAL  DEBT ;  TAXES  AND  RATES. 

By  A.  J.  Wilson. 
THE  STATE  IN  RELATION  TO  LABOUR.    By  W.  Stanley  Jevons,  LL.D. 
THE  STATE  AND  THE  CHURCH.     By  the  Hon.  Arthur  Elliot. 
FOREIGN  RELATIONS.    By  Spencer  Walpole. 

THE  STATE  IN  ITS  RELATION  TO  TRADE.     By  Sir  T.  H.  Farrer,  Bart. 
LOCAL  GOVERNMENT.    By  M.  D.  Chalmers,  M.A. 

THE  STATE  IN  ITS  RELATION  TO  EDUCATION.    By  Henry  Craik,  LL.D. 
THE  LAND  LAWS.    By  Sir  F.  Pollock,  Bart.,  Professor  of  Jurisprudence  in 

the  University  of  Oxford. 
COLONIES  AND  DEPENDENCIES.    Part  L  INDIA.    By  J.  S.  Cotton,  M.A. 

II.  THE  COLONIES.    By  E.  J.  Payne,  M.A. 
JUSTICE  AND  POLICE.     By  F.  W.  Maitland. 

THE  PUNISHMENT  AND  PREVENTION  OF  CRIME.    By  Colonel  Sir  EoMtmo 
DU  Cane,  K.C.B.,  Chairman  of  Commissioners  of  Prisons. 
FISKE.— CIVIL  GOVERNMENT   IN   THE  UNITED   STATES   CONSIDERED 
WITH  SOME  REFERENCE  TO  ITS  ORIGINS.     By  John  Fiske,  formerly 
Lecturer  on  Philosophy  at  Harvard  University.     Cr.  Svo.     6s.  6d. 
HOLMES.— THE  COMMON  LAW.     By  O.  W.  Holmes,  Jun.    Demy  Svo.     12s. 
JENKS.— THE    GOVERNMENT   OF   VICTORIA.      By  Edward  Jenks,  B.A., 
LL.B.,  Professor  of  Law  in  the  University  of  Melbourne.  [In  the  Press. 

MAITLAND.— PLEAS  OF  THE  CROWN  FOR  THE  COUNTY  OF  GLOUCESTER 
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BEFORE  THE    ABBOT  OF  READING  AND  HIS    FELI/)W  JURTICKS 
ITINERANT,  IN  THE  FIFTH  YEAR  OF  THE  RKIGN  OF  KIMJ  HKNIlY 
THE  THIRD,  AND  THE  YEAR  OF  GRACE  1221.     By  F.  W.  Maitlakd. 
8vo.     Vs.  6d. 
MUNRO.— COMMERCIAL  LAW.     By  J.  E.  C.  Munro,  LL.D.,  Professor  of  Uw 
and  Political  Economy  in  the  Owens  College,  Manchester.        [In  prtpamtion, 
PATERSON.— Works  by  James  Paterson,  Barri.ster-at-lAW. 
COMMENTARIES  ON  THE  LIBERTY  OF  THE  SUBJECT,  AND  THE  I^WS 
OF  ENGLAND  RELATING  TO  THE  SECURITY  OF  THE  PERSON.   Cheai)er 
Issue.     Two  Vols.     Cr.  8vo.     21s. 
THE    LIBERTY   OF   THE    PRESS,    SPEECH,  AND   PUBLIC   WORSHIP. 
Being  Commentaries  on  the  Liberty  of  the  Subject  and  the  liawg  of  England. 
Cr.  8v6.     12s. 
PHILLIMORE. -PRIVATE  LAW  AMONG  THE  ROMANS.    Prora  the  Fftndeeta. 

By  J.  G.  Phillimore,  Q.C.     8vo.     IGs. 
POLLOCK.— ESSAYS  IN  JURISPRUDENCE  AND  ETHICS.     By  Sir  Frkdkbicic 
Pollock,  Bart.,  Corpus  Christi  Professor  of  Jurisprudence  in  the  University 
of  Oxford.     8vo.     10s.  6d. 
INTRODUCTION  TO  THE  HISTORY  OF   THE  SCIENCE   OF   POUTICS. 
By  the  same.     Cr.  8vo.     2s.  6d. 
RICHEY.— THE  IRISH  LAND  LAWS.    By  Alex.  G.  Richey,  Q.C,  Deputy  Begins 
Professor  of  Feudal  English  Law  in  the  University  of  Dublin.    Cr.  8vo.    2(s.  (Jd. 
SIDGWICK.— THE  ELEMENTS  OF  POLITICS.     By  Henry  Sidowick,  LL.D. 

8vo.     14s.  net. 
STEPHEN.— Works  by  Sir  J.  Fitzjames  Stephen,  Bart. 
A  DIGEST  OP  THE  LAW  OF  EVIDENCE.    50i  Ed,,  revised  and  enlarged. 

Cr.  8vo.     6s. 
A  DIGEST  OF  THE  CRIMINAL  LAW :  CRIMES  AND  PUNISHMENTa    4th 

Ed.,  revised.    8vo.     16s. 
A  DIGEST  OF  THE  LAW  OF  CRIMINAL  PROCEDURE  IN  INDICTABLE 
OFFENCES.     By  Sir  J.  F.  Stephen,  Bart.,  and  H.  Stkphen,  LL.M.,  of  the 
Inner  Temple,  Barrister-at-Law.    8vo.     128.  6d. 
A  HISTORY  OF  THE  CRIMINAL  LAW  OF  ENGLAND.  Three  Vols.  8va  48a. 
GENERAL  VIEW  OF  THE  CRIMINAL  LAW  OF  ENGLAND.    8to.    14a. 

ANTHROPOLOG-Y. 

DAWKINS.— EARLY  MAN  IN  BRITAIN  AND  HIS  PLACE  IN  TUB  TKR- 

TIARY  PERIOD.    By  Prof.  W.  Boyd  Dawk  ins.    Medium  8vo.    25s. 
FRA2ER.— THE  GOLDEN  BOUGH.    A  Study  in  Comparative  Religioii.    By  J. 

G.  Frazer,  M.A.,  Fellow  of  Trinity  CoUege,  Cambridge.     8  vola.    8vo.    9B*. 
M'LENNAN.— THE  PATRIARCHAL  THEORY.    Based  on  the  papers  of  the  late 

John  F.  M'Lennan.    Edited  by  Donald  M'Lennan,  M.A.,  Banrlster-at-Law. 

8vo.     14  s. 
STUDIES  IN  ANCIENT  HISTORY.    By  the  same.     Comprising  a  Re|trint  of 

"Primitive  Marriage."     An  inquiry  into  the  origin  of  the  form  of  capturo 

in  Marriage  Ceremonies.    8vo.    16s. 
TYLOR.— ANTHROPOLOGY.    An  Introduction  to  the  Study  of  Man  and  CiTili«a- 

tion.     By  E.  B.  Tylor,  F.R.S.     Illustrated.    Cr.  8vo.    Ts.  M. 
WESTERMARCK.— THE  HISTORY  OF  HUMAN  MARRIAGE.    By  Dr.  EDWA«n 

Westermarck.    With  Preface  by  A.  R.  Wallace.    8vo.    14s.  net 
WILSON.— THE  RIGHT  HAND :  LEFT-HANDEDNESS.     By  Sir  D.  Wiuon. 

Cr.  8vo.    4s.  6d. 

EDUCATION. 

ARNOLD.-REPORTS  ON  ELEMENTARY  SCHOOLS.  1852.1882,  By  MATrn«w 
Arnold,  D.C.L.  Edited  by  the  Right  Hon.  Sir  Frahcis  8Aifproiu>,  K.t.a 
Cheaper  Issue.    Cr.  8vo.    Ss.  6d. 
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HIGHER  SCHOOLS  AND  UNIVERSITIES  IN  GERMANY.     By  the  same. 

Crown  8vo.    6s. 
BALL.— THE  STUDENT'S  GUIDE  TO  THE  BAR.    By  Walter  W.  R.  Ball, 

M.A.,  Fellow  and  Assistant  Tutor  of  Trinity  College,  Cambridge.    4th  Ed., 

revised.     Cr.  8vo.     2s.  6d. 
*BLAKISTON.— THE  TEACHER.     Hints  on  School  Management.    A  Handbook 

for  Managers,  Teachers'  Assistants,  and  Pupil  Teachers.    By  J.  R.  Blakiston. 

Cr.  8vo.    2s.  6d.    (Recommended  by  the  London,  Birmingham,  and  Leicester 

School  Boards.) 
CALDERWOOD.— ON  TEACHING.     By  Prof.  Henry  Calderwood.    New  Ed. 

Ex.  fcap.  8vo.     2s.  6d. 
FEARON.-SCHOOL  INSPECTION.  By  D.  R.  Fearon.    6th  Ed.   Cr.  8vo.   2s.  6d. 
FITCH. -NOTES   ON   AMERICAN   SCHOOLS  AND  TRAINING   COLLEGES. 

Reprinted  from  the  Report  of  the  English  Education  Department  for  1888-89, 

with  permission  of  the  Controller  of  H.M.'s  Stationery  Office.     By  J.   G. 

Fitch,  M.A.    G1.  8vo.     2s.  6d. 
GEIKIE.— THE  TEACHING  OF  GEOGRAPHY.    A  Practical  Handbook  for  the 

use  of  Teaphers.     By  Sir  Archibald  Geikie,  F.R.S.,  Director-General  of  the 

Geological  Survey  of  the  United  E^ngdom.     Cr.  8vo.    2s. 
GLADSTONE.— SPELLING  REFOR^  FROM  A  NATIONAL  POINT  OF  VIEW. 

By  J.  H.  Gladstone.     Cr.  8vo.;'^  Is.  6d. 
HERTEL.— OVERPRESSURE  IN  HIGH  SCHOOLS  IN  DENMARK.     By  Dr. 

Hertel.     Translated  by  C.   Q.   Sorensen.      With  Introduction  by  Sir  J. 

CRicnTON-BROWNE,  F.R.S.     Cr.  8vo.     3s.  6d. 
TODHUNTER.— THE  CONFLICT  OF  STUDIES.     By  Isaac  Todhunter,  F.R.S. 

8vo.    10s.  6d. 

TECHNICAL  KNOWLEDGE. 

(See  also  MECHANICS,  LAW,   and  MEDICINE.) 

Civil  and  Mechanical  Engineering;  Military  and  Naval  Science; 

Agriculture ;  Domestic  Economy ;  Book-Keeping ;  Commerce. 

CIVIL  AND  MECHANICAL  ENGINEERING-. 

ALEXANDER  and  THOMSON.— ELEMENTARY  APPLIED  MECHANICS.  By 
T.  Alexander,  Professor  of  Civil  Engineering,  Trinity  College,  Dublin,  and 
A.  W.  Thomson,  Professor  at  College  of  Science,  Poona,  India.  Part  II. 
Transverse  Stress.     Cr.  8vo.     10s.  6d. 

CHALMERS.  -GRAPHICAL  DETERMINATION  OF  FORCES  IN  ENGINEER- 
ING STRUCTURES.    By  J.  B.  Chalmers,  C.E.     Illustrated.    8vo.    24s. 

COTTERILL.— APPLIED  MECHANICS:  An  Elementary  General  Introduction  to 
the  Theory  of  Structures  and  Machines.  By  J.  H.  Cotterill,  F.R.S.,  Pro- 
fessor of  Applied  Mechanics  in  the  Royal  Naval  College,  Greenwich.  2d  Ed. 
8vo.     18s. 

COTTERILL  and  SLADE.— LESSONS  IN  APPLIED  MECHANICS.  By  Prof. 
J.  H,  Cotterill  and  J.  H.  Slape.     Fcap.  8vo.     5s.  6d. 

GRAHAM.— GEOMETRY  OF  POSITION.     By  R.  H.  Graham.    Cr.  8vo.    7s.  6d. 

KENNEDY.-THE  MECHANICS  OF  MACHINERY.  By  A.  B.  W.  Kennedy, 
F.R.S.     Illustrated.     Cr.  8vo.     12s.  6d, 

WHITHAM.— STEAM-ENGINE  DESIGN.  For  the  Use  of  Mechanical  Engineers, 
Students,  and  Draughtsmen.  By  J.  M.  Whitham,  Professor  of  Engineering, 
Arkansas  Industrial  University.     Illustrated.     8vo.     25s. 

YOUNG.— SIMPLE  PRACTICAL  METHODS  OF  CALCULATING  STRAINS 
ON  GIRDERS,  ARCHES,  AND  TRUSSES.  With  a  Supplementary  Essay  on 
Economy  in  Suspension  Bridges.    By  B.  W    Young,  C.E.    With  Diagrams, 

.      8vo.     7s.  6d. 

MILITARY  AND  NAVAL  SCIENCE. 

AITKEN.— THE  GROWTH  OF  THE  RECRUIT  AND  YOUNG  SOLDIER.  With 
a  view  to  the  selection  of  "Growing  Lads"  for  the  Army,  and  a  Regulated 
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System  of  Training  for  Recruits.    By  Sir  W.  Aitkem,   F.R.3.,  PvofoMor  of 

Pathology  in  the  Army  Medical  School.     Cr.  8vo.    Ss.  (il. 
ARMY  PRELIMINARY  EXAMINATION,  1882-1890,  Specimena  of  Papennet  at 

the.     With  ^swers  to  the  Mathematical  Questions.    Subjects:  Aritbmetic, 

Algebra,  EucliiVGeometrical  Drawing,  Geography,  French,  English  Uictatioa. 

Cr.  8vo.     3s.  Gd.  'X 
MATTHEWS.— JIANUAL  OF  LOGARITHMS.    By  G.  P.  Mattiiewb,  B.A.    8Ta 

OS.  net. 
MAURICE.— WAR.    By  Frederick  Maurice,  Colonel  C.B.,  R.A.    8vo.    8«.  net 
MERCUR.— ELEMENTS  OF  THE  ART  OF  WAR.      Prepared  for  the  UM  of 

Cadets  of  the  United  States  Military  Academy.    By  James  Mkrcur,  Profeaaor 

of  Civil  Engineering  at  the  United  States  Academy,  West  Point,  New  fork. 

2d  Ed.,  revised  and  corrected.    8vo.     17s. 
PALMER.— TEXT-BOOK  OF  PRACTICAL  LOGARITHMS  AND  TRIOONO- 

METRY*    By  J.  H.  Palmer,  Head  Schoolmaster,  R.N.,  H.M.a  Camln-idgej 

Devonport.     Gl.  Svo.     4s.  6d. 
ROBINSON.— TREATISE  ON  MARINE  SURVEYING.    Prepared  for  the  oae  of 

younger   Naval  Officers.    With   Questions  for   Examinations  and   ExerriMS 

principally  from  the  Papers  of  the  Royal  Naval  College.     Wfth  the  results. 

By  Rev.  John  L.  Robinson,  Chaplain  and  Instructor  in  the  Royal  Naval 

College,  Greenwich.     Illustrated.     Cr.  Svo.     78.  6d. 
SANDHURST  MATHEMATICAL  PAPERS,  for  Admission  Into  the  Royal  Military 

College,  1881-1889.     Edited  by  E.  J.  Bkooksmith,  B.A.,  Instructor  in  Mathe- 
matics at  the  Royal  Military  Acadt-my,  Woolwich.    Cr.  Svo.    Ss.  6d. 
SHORTLAND.— NAUTICAL  SURVEYING.   By  the  Ute  Vice-Admiral  Shortxaitd, 

LL.D.     Svo.     21s. 
THOMSON.— POPULAR  LECTURES  AND  ADDRESSES.   By  Sir  Wiluam  Thom- 

SON,  LL.D.,  P.R.S.   In  3  vols.   Illustrated.  Cr.  Svo.  Vol.  III.  Navigation.  7s.  6d. 
WILKINSON.— THE  BRAIN  OF  AN  ARMY.    A  Popular  Account  of  the  Oennaa 

General  Staff.     By  Spenser  Wilkinson.    Cr.  Svo.    28.  6d. 
WOLSELEY.— Works  by  General  Viscount  Wolselkt,  G.C.M.G. 
THE  SOLDIER'S  POCKET-BOOK  FOR  FIELD  SERVICE.     5th  Bd.,  iwiMd 

and  enlarged.     16mo.     Roan.     5s. 
FIELD  POCKET-BOOK  FOR  THE  AUXILIARY  FORCES.     16mo.    la.  «d. 
WOOLWICH  MATHEMATICAL  PAPERS,  for  Admission  into  the  Royal  MlliUry 

Academy,  Woolwich,  1880-1888  inclusive.     Edited  by  E.  J.  BROOKSMrrH,  B..\., 

Instructor  in  Mathematics  at  the  Royal  Military  Academy,  Woolwich.    Cr. 

8vo.    6s. 

AGRICULTURE. 

FRANKLAND.— AGRICULTURAL  CHEMICAL  ANALYSIS,  A  Handbook  ot 
By  Percy  F.  Frankland,  F.R.S.,  Professor  of  Chemistry.  University  CoUrge, 
Dundee.  Founded  upon  Leitfaden  fur  die  A^ricuUur*  Ckemicks  Anaiifm,  ron 
Dr.  F.  Krocker.     Cr.  Svo.     7s.  6d. 

HARTIO.— TEXT- BOOK  OP  THE  DISEASES  OF  TRBBa  By  Dr.  Roukt 
Hartio.  Translated  by  Wm.  Somerville,  B.Sc.,  D.(R,  Professor  of  ABrteul- 
ture  and  Forestry,  Durham  College  of  Science,  Newcastle-on-Tyne.  Bditrd, 
with  Introduction,  by  Prof.  H.  Marshall  Ward.    8va  [In  pnpamtion. 

LASLETT.— TIMBER  AND  TIMBER  TREES,  NATIVE  AND  FORBIGN.      By 

SMITH?— DISEASES  OF  FIELD  AND  GARDEN  CROPS,  CHI BPLY  SUCH  AS 
ARE  CAUSED  BY  FUNGL    By  Worthinqtok  G.  Smith,  F.L.a   IllustiBUwI. 

TAlSESi.-*ELEMENTARY  LESSONS  IN  THE  SCIENCE  OF  AQRIOULTURAL 
PRACTICE.  By  Henry  Tanner,  F.C.S.,  M.R.A.C,  Examiner  In  tb«  nia- 
ciples  of  Agriculture  under  the  Government  Department  of  Beimm,    Wa^ 

♦FIRST  PRINCIPLES  OF  AGRICULTURE.    ^  the  same.     18mo      1* 
THE  PRINCIPLES  OF  AGRICULTURE.     By  the  same.    A  Bvitm  of  Btmaing 

Books  for  use  in  Elementary  Schools.     Ex.  fcap.  8vo. 
*I.  The  Alphabet  of  the  Principles  of  Agriculture.     00. 
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*ir.  Further  Steps  in  the  Principles  of  Agi'iculture.     Is. 

*III.  Elementary  School  Readings  on  the  Principles  of  Agriculture  for  the 
tliird  stage.  Is. 
WARD.— TIMBER  AND  SOME  OP  ITS  DISEASES.  By  H.  Marshall  Ward, 
M.A.,  F.L.S.,  F.R.S.,  Fellow  of  Christ's  College,  Cambridge,  Professor  of 
Botany  at  the  Royal  Indian  Engineering  CoUege,  Cooper's  Hill.  With  Illustra- 
tions.   Cr.  8vo.     6s. 

DOMESTIC  ECONOMY. 

^BARKER.— FIRST  LESSONS  IN  THE  PRINCIPLES  OF  COOKING.    By  Lady 

Barker.     18mo.     Is. 
*BERNERS.— FIRST  LESSONS  ON  HEALTH.    By  J.  Berners.    18mo.    Is. 
*COOKERY  BOOK.— THE  MIDDLE  CLASS  COOKERY  BOOK.     Edited  by  the 

Manchester  School  of  Domestic  Cookery.     Fcap.  Svo.     Is.  6d. 
CRAVEN.— A  GUIDE  TO  DISTRICT  NURSES.     By  Mrs.  Dacre  Craven  {nh 

Florence  Sarah  Lees),  Hon.  Associate  of  the  Order  of  St.  John  of  Jerusalem, 

etc.     Cr.  Svo.     2s.  6d. 
FREDERICK.— HINTS    TO    HOUSEWIVES    ON    SEVERAL    POINTS,    PAR- 

TICULARLY  ON  THE  PREPARATION  OP  ECONOMICAL  AND  TASTEFUL 

DISHES.    By  Mrs.  Frederick.     Cr.  Svo.     Is.  . 
*GRAND'HOMME.— CUTTING-OUT  AND  DRESSMAKING.    From  the  French  of 

Mdlle.  E.  Grand'homme.     With  Diagrams.     ISmo.    Is. 
JEX-BLAKE.— THE  CARE  OP  INFANTS.    A  Manual  for  Mothers  and  Nurses. 

By  Sophia  Jex-Blake,  M.D.,  Lecturer  on  Hygiene  at  the  London  School  of 

Medicine  for  Women.    ISmo.    Is. 
RATHBONE.— THE   HISTORY  AND   PROGRESS   OF    DISTRICT   NURSING 

FROM   ITS   COMMENCEMENT  IN  THE  YEAR  1S59  TO  THE  PRESENT 

DATE,  including  the  foundation  by  the  Queen  of  the  Queen  Victoria  Jubilee 

Institute  for  Nursing  the  Poor  in  their  own  Homes.    By  William  Rathbone, 

M.P.     Cr.  Svo.     2s.  6d. 
*TEGETMEIER.— HOUSEHOLD  MANAGEMENT  AND  COOKERY.     With  an 

Appendix  of  Recipes  used  by  the  Teachers  of  the  National  School  of  Cookery. 

By  W.  B.  Tegetmeier.     Compiled  at  the  request  of  the  School  Board  for 

London.    ISmo.    Is. 
*WRIGHT.-THE  SCHOOL  COOKERY-BOOK.     Compiled  and  Edited  by  C.  E. 

Guthrie  Wright,  Hon.  Sec.  to  the  Edinburgh  School  of  Cookery.    ISmo.    Is. 

BOOK-KEEPING. 

♦THORNTON.— FIRST    LESSONS  IN   BOOK-KEEPING.      By    J.   Thornton. 

Cr.  Svo.     2s.  6d.     KEY.     Oblong  4to.     10s.  6d. 
*PRIMER  OF  BOOK-KEEPING.     By  the  same.    ISmo.    Is. 
KEY.    Svo.    2s.  6d. 

COMMERCE. 

MACMILLAN'S  ELEMENTARY  COMMERCIAL  CLASS  BOOKS.     Edited  by 
James  Gow,  Litt.D.,  Headmaster  of  Nottingham  School.   Globe  Svo. 

TJie  following  volumes  are  arranged  for: — 

*THB  HISTORY  OF  COMMERCE  IN  EUROPE.  By  H.  de  B.  Gibbins,  M.A. 
8s.  6d.  [Ready. 

COMMERCIAL  GERMAN.  By  F.  C.  Smith,  B.A.,  formerly  scholar  of  Magda- 
lene College,  Cambridge,  [In  the  Press. 

COMMERCIAL  GEOGRAPHY.  By  E.  C.  K.  Conner,  M.A.,  Professor  of  Poli- 
tical Economy  in  University  College,  Liverpool.  [In  preparation. 

COMMERCIAL  FRENCH. 
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COMMERCIAL  ARITHMETIC.     By  A.  W.  Sunderland,  M.A.,  Ut«  Scholar  of 

Trinity  College,  Cambridge  ;  Fellow  of  the  Institute  of  Actaarles.        [!n  prtp, 

COMMERCIAL  LAW,     By  J.  E.  C.  Munro,  LL.D.,  Profesaor  of  Law  aixl 

Political  Economy  in  the  Owens  College,  Manchester. 

GEOGRAPHY. 

(See  also  PHYSICAL  GEOGRAPHY.) 

BARTHOLOMEW.— *THB  ELEMENTARY  SCHOOL  ATLAS.     By  JoBif  Bar- 
tholomew, F.R.G.S.     4to.     Is. 
*MACMILLAX'S  SCHOOL  ATLAS,  PHYSICAL  AND  POLITICAL.    Oontlstlofc 
of  80  Maps  and  complete  Index.    By  the  same.    Prepared   for  the  om  of 
Senior  Pupils.     Royal  4to.    Ss.  6d.     Half-morocco.    lOs.  6d- 
THB  LIBRARY    REFERENCE  ATI.AS  OF  THB   WORLD.    By  the  tmmt 
A  Complete  Series  of  84  Modem  Maps.    With  Geographical  Index  to  100,000 
places.     Half- morocco.    Gilt  edges.     Folio.    £2: 12: 6  net     Also  istued  in 
parts,  5s.  each  net.     Geographical  Index,  7s.  6d.  net.     Part  I.,  April  1891. 
*CLARKE.— CLASS-BOOK  OF  GEOGRAPHY.     By  C.  B.  Clarkk,  F.R.8.    New 

Ed.,  revised  1889,  with  18  Maps.     Fcap.  8vo.     3s.    Sewed,  2s.  Gd. 
»GREEN.— A  SHORT  GEOGRAPHY  OF  THB  BRITISH  ISLANDS.     By  JoHX 

Richard  Green  and  A.  S.'  Green.     With  Maps.     Fcap.  8vo.    Sh.  6d. 
*GROVE.— A  PRIMER  OF   GEOGRAPHY.     By   Sir  Georoe  Gbotb,   D.CL. 

Illustrated.     18mo.     Is. 
KIEPERT.— A  MANUAL  OF  ANCIENT  GEOGRAPHY,     By  Dr.  H.  Klimr. 

Cr.  8vo.     5s. 
MACMILLAN'S  GEOGRAPHICAL  SERIES.— Edited  by  Sir  Ahchibald  Gsikib, 
F.R.S.,  Director-General  of  the  Geological  Survey  of  the  Uniteil  Kingdom. 
*THE  TEACHING  OF  GEOGRAPHY.    A  Practical  Handbook  for  the  Um  of 

Teachers.     By  Sir  Archibald  Geikie,  F.R.S.    Cr.  Svo.    28. 
»MAPS  AND  MAP-DRAWING.    By  W.  A.  Elderton.    ISmo.    la. 
♦GEOGRAPHY  OF  THE  BRITISH  ISLES.    By  Sir  A.  Geikie,  F.R.a.   ISma   la. 
•AN  ELEMENTARY  CLASS-BOOK  OF  GENERAL  GEOGRArHY.    By  H.  R 
Mill,  D.Sc,  Lecturer  on  Physiography  and  on  Conuuercial  Geography  In 
the  Heriot-Watt  College,  Edinburgh.     Illustrated.     Cr.  Svo.    3a.  tJd. 
♦GEOGRAPHY  OF  EUROPE.     By  J.  Sime,  M.A.     Illustrated.    OL  Svo.    i*. 
♦ELEMENTARY  GEOGRAPHY  OF  INDIA,  BURMA,  AND  CEYLON.    By  H. 

F.  Blanford,  F.G.S.    G1.  8vo.     2s.  6d. 
GEOGRAPHY  OF  NORTH  AMERICA.  By  Prof.  N.  8.  Shalbb.   [/»j 
GEOGRAPHY  OF  THE  BRITISH  COLONIES.     By  G.  M.  Dawsoii  ai 
Sutherland.  t'»  **< 

STRACHEY.— LECTURES  ON  GEOGRAPHY.    By  General  Ricuako  Stkaomst, 

R.E.     Cr.  8vo.     4s.  6d. 
♦TOZER.— A  PRIMER  OF  CLASSICAL  GEOGRAPHY.    By  H.  F.  Tons,  MJL 
18mo.    Is. 

HISTORY. 

ARNOLD.— THE  SECOND  PUNIC  WAR.    Being  Chaptara  flrom  THE  HISTORY 

OF  ROME,  by  the  late  Thomas  Arnold,  D.D.,  Headmaster  of  Rugby.    Bdited. 

with  Notes,  by  W.  T.  Arnold,  M.A.     With  8  Mapa.    Or.  Svo.    5a. 
ARNOLD.— A  HISTORY  OF   THE  EARLY   ROMAN    EMPIRB.     By  W.  T. 

Arnold,  M.A.     Cr.  Svo.  U*  y^pmmlt^m. 

*BEESLY.— STORIES  FROM  THB  HISTORY  OF  ROME.     By  Mra.  BOKT. 

Fcap.  Svo.     28.  6d. 
BRYCE.— Works  by  James  Bryce,  M.P.,  D.O.L.,  Regiua  Profesaor  of  QfU  Uw 

in  the  University  of  Oxford. 
THE  HOLY  ROMAN  EMPIRE.    9th  Ed.    Cr.  Svo.    7s.  6d. 
*^*  Also  a  Library  Edition.    Demy  Sva     H». 
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THE  AMERICAN  COMMONWEALTH.     2  vols.    Ex.  cr.  8vo.    25s.    Part  I. 

The    National    Government.     Part   II.    The   State  Governments.     Part   III. 

The  Party  System.      Part  IV.  Public  Opinion.     Part  V.    Illustrations  and 

Reflections.    Part  VI.  Social  Institutions. 
*BUCKLEY.— A  HISTORY  OF  ENGLAND  FOR  BEGINNERS.     By  Akabella 

B.  Buckley.    With  Maps  and  Tables.    Gl.  8vo.    3s. 
BURY.— A  HISTORY  OP  THE  LATER  ROMAN  EMPIRE  FROM  ARCADIUS 

TO  IRENE,  A.D.  395-800.     By  John  B.  Bury,  M.A.,  Fellow  of  Trinity  College, 

Dublin.     2  vols.     8vo.     32s. 
CASSEL.— MANUAL  OF  JEWISH  HISTORY  AND  LITERATURE.     By  Dr.  D. 

Cassel.    Translated  by  Mrs.  Henry  Lucas.     Fcap.  8vo.    2s.  6d. 
ENGLISH  STATESMEN,  TWELVE.    Cr.  8vo.     2s.  6d.  each. 
William  the  Conqueror.    By  Edward  A.  Freeman,  D.C.L.,  LL.D. 
Henry  II.     By  Mrs.  J.  R.  Green. 

Edward  I.    By  F.  York  Powell.  [In  preparation. 

Henry  VII.    By  James  Gairdner, 
Cardinal  Wolsey.    By  Bishop  Creighton. 

Elizabeth.    By  E.  S.  Beesly.  [Nearly  Ready. 

Oliver  Cromw^ell.    By  Frederic  Harrison, 
William  III.     By  H.  D.  Traill. 
Walpole.     By  John  Morley. 

Chatham.    By  John  Morley.  [Nearly  Ready. 

Pitt.    By  Earl  of  Rosebery.  [Nearly  Ready. 

Peel.    By  J.  R.  Thursfield. 
PISKE.— Works  by  John  Fiske,  formerly  Lecturer  on  Philosophy  at  Harvard 

University. 
THE  CRITICAL  PERIOD   IN  AMERICAN  HISTORY,  1783-1789.      Ex.  cr. 

8vo.     10s.  6d. 
THE  BEGINNINGS  OF  NEW  ENGLAND ;  or,  The  Puritan  Theocracy  in  its 

Relations  to  Civil  and  Religious  Liberty.     Cr.  8vo.     7s.  6d. 
THE  AMERICAN  REVOLUTION.     2  vols.     Cr.  8vo.     18s. 

FREEMAN. — Works  by  Edward  A.  Freeman,  D.C.L.,  Regius  Professor  of  Modem 

History  in  the  University  of  Oxford,  etc. 
*OLD  ENGLISH  HISTORY.     With  Maps.     Ex.  fcap.  8vo.     6s. 
A  SCHOOL  HISTORY  OF  ROME.    Cr.  8vo.  [In  preparation. 

METHODS  OF  HISTORICAL  STUDY.     8vo.     10s.  6d. 
THE  CHIEF  PERIODS  OF  EUROPEAN  HISTORY.    Six  Lectures.    With  an 

Essay  on  Greek  Cities  under  Roman  Rule.     8vo.    10s.  6d. 
HISTORICAL  ESSAYS.    First  Series.    4th  Ed.    8vo.    10s.  6d. 
HISTORICAL  ESSAYS.    Second  Series.    3d  Ed.,  with  additional  Essays.    Svo. 

10s.  6d. 
HISTORICAL  ESSAYS.     Third  Series.     Svo.    12s. 
THE  GROWTH  OF  THE  ENGLISH  CONSTITUTION  PROM  THE  EARLIEST 

TIMES.     4th  Ed.     Cr.  8vo.     5s. 
^GENERAL  SKETCH  OF  EUROPEAN  HISTORY.    Enlarged,  with  Maps,  etc. 

18mo.     3s.  6d. 
*PRIMER  OF  EUROPEAN  HISTORY.    18mo.    Is.    {Histcyry  Primers.) 
FRIEDMANN.— ANNE  BOLEYN.    A  Chapter  of  English  History,  1527-1536.    By 

Paul  Friedmann.    2  vols.    Svo.    28s. 
«GIBBINS.— THE  HISTORY  OF  COMMERCE  IN  EUROPE.      By  H.  de  B. 

GiBBiNS,  M.A.     With  Maps.     Globe  Svo.    3s.  6d. 
GREEN. — Works  by  John  Richard  Green,  LL.D.,  late  Honorary  Fellow  of 

Jesus  College,  Oxford. 
*A  SHORT  HISTORY  OF  THE  ENGLISH  PEOPLE.  New  and  Revised  Ed. 
With  Maps,  Genealogical  Tables,  and  Chronological  Annals.  Cr.  Svo.  8s.  6d. 
159th  Thousand. 
*Also  the  same  in  Four  Parts.  With  the  corresponding  portion  of  Mr.  Tait's 
"Analysis."  Crown  Svo.  8s.  each.  Part  I.  607-1265.  Part  II.  1204-1553. 
Part  III.  1540-1689.    Part  IV.  1660-1873. 
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HISTORY  OF  THE  ENGLISH  PEOPLE.    In  four  vols.    8vo.    1««.  cMh. 

Vol.  I.— Early  England,  449-1071 ;  Foreign    Kings,   1071-1214 ;  The  Charter 
1214-1291 ;  The  Parliament,  1307-1461.     With  8  Maps.  ^n«wr. 

Vol.  IL— The  Monarchy,  1461-1540 ;  The  Reformation,  1540-1603. 

Vol.  III.— Puritan  England,  1603-1660 ;  Tlie  Revolution,  lMO-1688.    With  Ibar 
Maps. 

Vol.  IV.— The  Revolution,  1688-1760;  Modem   EngUnd,  1760-1816^    With 
Maps  and  Index. 
THE  MAKING  OP  ENGLAND.    With  Maps.    8vo.    16s. 
THE  CONQUEST  OF  ENGLAND.     With  Maps  and  Portrait    8vo.    19$. 
♦ANALYSIS  OF  ENGLISH  HISTORY,  based  on  Green's  "Short  History  of  Um 

English  People."    By  C.  W.  A.  Tait,  M.  A,,  Assistant  Master  at  Clifton  CoOese. 

Revised  and  Enlarged  Ed,     Crown  8vo.    4s.  6d. 
*READINGS  FROM  ENGLISH  HISTORY.     Selected  and   Edited  by  JoHir 

Richard  Green,    Three  Parts.    Gl.  8vo.    Is,  6d.  each.    I,  Hcngist  to  Creasy. 

II.  Cressy  to  Cromwell.     III.  Cromwell  to  Balaklava. 
GUEST.— LECTURES  ON  THE  HISTORY  OF  ENGLAND.     By  M.  J.  Qvmr, 

With  Maps.    Cr,  8vo.     6s. 
•HISTORICAL  COURSE  FOR  SCHOOLS.— Edited  by  B.  A.  FRmtAW,  D.CL., 

Regius  Professor  of  Modem  History  in  the  University  of  Oxford.    ISmo, 
GENERAL   SKETCH    OF   EUROPEAN    HISTORY.     By   E.  A.   Fksixax. 

D.C.L.    New  Ed.,  revised  and  enlarged.    With  Clironological  Table.  Man*,  and 

Index.    8s,  6d. 
HISTORY   OF   ENGLAND,    By  Edith   Thompsok.    New  Ed.,  revised  aod 

enlarged.     With  Coloured  Maps.    2s.  6d. 
HISTORY  OP  SCOTLAND,    By  Marqaket  Macabthub,    2s. 
HISTORY  OF  ITALY.     By  Rev.  W.  Hdnt,  M.A.    New  Ed.    With,  Oolomed 

Maps.    3s,  6d. 
HISTORY  OF  GERMANY.    By  J.  Sime,  M.A.    New  Ed.,  rerlaed.    U. 
HISTORY  OP  AMERICA.     By  John  A.  Doyle.     With  Maps.    4s.  6d. 
HISTORY  OF  EUROPEAN  COLONIES.    By  E.  J.  Payne,  M.A.    With  Mapa. 

4s.  6d, 
HISTORY  OF  FRANCE.    By  Charlotte  M,  Yonoe.    With  Maps.    Sa.  fid. 
HISTORY  OP  GREECE.     By  Edward  A.  Freeman,  D.C.L.       [In  prrparation, 
HISTORY  OF  ROME.    By  Edward  A.  Freeman,  D.C.L.  [Tn  prtpamtion. 

•HISTORY  PRIMERS.— Edited  by  John  Richard  Green,  LL.D.    ISma    la.  aaeh. 
ROME.     By  Bishop  Creighton.     Maps. 
GREECE.    By  C.  A.  Fyffe,  M.A.,  late  FeUow  of  University  College,  Qlted. 

Maps. 
EUROPE.    By  E.  A.  Freeman,  D.C.L.    Maps. 
FRANCE.     By  Charlotte  M.  Yonoe. 

GREEK  ANTIQUITIES.     By  Rev.  J.  P,  Mahaffy,  D.D.     niustrated. 
CLASSICAL  GEOGRAPHY.    By  H.  P.  Tozer,  M.A. 
GEOGRAPHY.    By  Sir  G.  Grove,  D.CL.    Maps, 
ROMAN  ANTIQUITIES.     By  Prof.  Wilkins,  LittD.     Illoatnted. 

ANALYSIS  OF  ENGLISH  HISTORY,     By  Prof,  T.  F.  Torr,  M.A. 
INDIAN  HISTORY  :  ASIATIC  AND  EUROPEAN.     By  J.  Talbovs  WiuWLn. 
HOLE.— A  GENEALOGICAL  STEM  MA  OF  THE  KINGS  OF  ENGLAND  AND 

FRANCE.    By  Rev.  C.  Hole,    On  Sheet,     Is, 
JEJfNINGS.— CHRONOLOGICAL   TABLES,     A  svnchronlstic  arranfrement  of 

the    events  of  Ancient    History  (with  an    IndexX     By  Rev.    Akthor  G 

Jennings.    8vo.    5s. 
LABBERTON.— NEW  HISTORICAL  ATLAS  AND  GENERAL  HISTORY.    By 

R.  H,  Labberton.    4to.    New  Ed.,  revised  and  enlarged.     16a. 
LETHBRIDGE.— A  SHORT  MANUAL  OF  THE  HISTORY  OP  INDIA.    Willi 

an  Account  of  India  as  it  is.    The  Soil,   Climate,  and  ProdnetioiM ;  tte 

People,  their  Races,  Religions,  Public  Works,  and   Induatriea;   tlM  GStfl 

Services,  and  System  of  Administration.    By  Sir  Ropbr  '  ——"-«  ■"!«- 

of  the  Calcutta  University.    With  Maps,    Cr.  8vo.    fts. 
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MAHAFFY.— GREEK   LIFE   AND   THOUGHT   FROM   THE  AGE  OF  ALEX- 
ANDER TO  THE  ROMAN  CONQUEST.    By  Rev.  J.  P.  Mahaffy,  D.D., 
Fellow  of  Trinity  College,  Dublin.     Cr.  8vo.     12s.  6d. 
THE  GREEK  WORLD  UNDER  ROMAN  SWAY.     From  Plutarch  to  Polybius. 
By  the  same  Author.     Cr.  Svo.     10s.  6d. 
MARRIOTT.— THE  MAKERS  OF  MODERN  ITALY :   Mazzini,  Cavour,  Gari- 
BALDi.    Three  Lectures.     By  J.  A.  R.  Marriott,  M.A.,  Lecturer  in  Modern 
History  and  Political  Economy,  Oxford.     Cr.  Svo.     Is.  6d. 
MATHEW.— HISTORY  READERS  FOR  ELEMENTARY  SCHOOLS.    Adapted 

to  the  several  Standards.     Edited  by  Edward  J.  Mathew. 
MICHELET.— A  SUMMARY  OF  MODERN  HISTORY.     By  M.  Michelet.     Trans- 
lated by  M.  C.  M.  Simpson.     G1.  Svo.     4s.  6d. 
NORGATE.— ENGLAND  UNDER  THE  ANGEVIN  KINGS.     By  Kate  Norgate. 

With  Maps  and  Plans.     2  vols.     Svo.    32s. 
OTTfi.— SCANDINAVIAN  HISTORY.    By  E.  C.  Ott^.    With  Maps.    Gl.  Svo.    6s. 
SEELEY.— Works  by  J.  R.  Seeley,  M.A.,  Regius  Professor  of  Modern  History  in 
the  University  of  Cambridge. 
THE  EXPANSION  OF  ENGLAND.     Crown  Svo.    4s.  6d. 
OUR  COLONIAL  EXPANSION.    Extracts  from  the  above.    Or.  Svo.    Sewed.  Is. 
*TAIT.— ANALYSIS    OF    ENGLISH    HISTORY,    based    on    Green's    "Short 
History  of  the  English  People."    By  C.  W.  A.  Tait,  M.A.,  Assistant  Master 
at  Clifton.     Revised  and  Enlarged  Ed.     Cr.  Svo.    4s.  6d. 
WHEELER.— Works  by  J.  Talboys  Wheeler. 

*A  PRIMER  OF  INDIAN  HISTORY.     Asiatic  and  European.     18mo.     Is. 
*COLLEGE  HISTORY  OF  INDIA,  ASIATIC  AND  EUROPEAN.     With  Maps. 

Cr.  Svo.     3s.  ;  seAved,  2s.  6d. 
A  SHORT   HISTORY  OF  INDIA  AND   OF   THE   FRONTIER  STATES  OF 
AFGHANISTAN,  NEPAUL,  AND  BURMA.    With  Maps.    Cr.  Svo.     12s. 
YONGE.— Works  by  Charlotte  M.  Yonge. 
CAMEOS    FROM    ENGLISH     HISTORY.      Ex.   fcap.     Svo.     5s.    each.     (1) 
FROM    ROLLO    TO    EDWARD    II.     (2)  THE    WARS    IN    FRANCE.     (3) 
THE    WARS   OF   THE   ROSES.     (4)   REFORMATION   TIMES.     (5)  ENG- 
LAND AND  SPAIN.     (6)  FORTY  YEARS  OF  STUART  RULE  (1603-1643). 
(7)  REBELLION  AND  RESTORATION  (1642-1678). 
EUROPEAN  HISTORY.    Narrated  in  a  Series  of  Historical  Selections  from  the 
Best  Authorities.     Edited  and  arranged  by  E.  M.  Sewell  and  C.  M.  Yongb. 
Cr.  Svo.     First  Series,  1003-1154.     6s.     Second  Series.  1088-1228.     6s. 
THE  VICTORIAN  HALF  CENTURY  — A  JUBILEE   BOOK.     With  a  New 
Portrait  of  the  Queen.     Cr.  Svo.     Paper  covers,  Is.     Cloth,  Is.  6d. 
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•ANDERSON.— LINEAR  PERSPECTIVE  AND  MODEL  DRAWING.    A  School 

and  Art  Class  Manual,  with  Questions  and  Exercises  for  Examination,  and 

Examples  of  Examination  Papers.     By  Laurence   Anderson.     Illustrated. 

Svo.     2s. 
COLLIER.— A  PRIMER  OF  ART.    By  the  Hon.  John  Collier.    Illustrated. 

ISmo.     Is. 
COOK.— THE  NATIONAL  GALLERY,   A  POPULAR   HANDBOOK  TO.      By 

Edward  T.  Cook,  with  a  preface  by  John  Ruskin,  LL.D.,  and  Selections 

from  his  Writings.     3d  Ed.     Cr.  Svo.     Half-morocco,  14s. 
%*  Also  an  Edition  on  large  paper,  limited  to  250  copies.     2  vols.     Svo. 
DELAMOTTE.— A  BEGINNER'S  DRAWING  BOOK.      By  P.   H.   Delamotte, 

F.S.A.     Progressively  arranged.     New  Ed.,  improved.     Cr.  Svo.     8s.  6d. 
ELLIS.— SKETCHING    FROM    NATURE.      A    Handbook    for    Students    and 

Amateurs.     By  Tristram  J.  Ellis.     Illustrated  by  H.  Stacy  Marks,  R.A.. 

and  the  Author.    New  Ed.,  revised  and  enlarged.    Cr.  Svo.    3s.  6d. 
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GROVE.— A   DICTIONARY   OF  MUSIC  AND   MUSICIANa     A.D.    1450-1889. 

Edited  by  Sir  George  Grove,  D.C.L.    In  four  vols.    8vo.    Price  21g,  each. 

Also  in  Parts. 

Parts   I.-XIV.,   Parts    XIX.-XXII.,   Ss.    6d.   each.     Parts  XV.,  XVI.,  7§. 

Parts  XVII.,  XVIII.,  7s.     Parts  XXIII.-XXV.  (Appendix),  93. 
A  COMPLETE  INDEX  TO  THE  ABOVE.     By  Mrs.  E.   Wodehousb.    8vo. 

78.  6d. 
HUNT.— TALKS  ABOUT  ART.    By  William  Hunt.    With  a  Letter  from  Sir  J. 

E.  MiLLAis,  Bart.,  R.A.     Cr.  Svo.    8s.  6d. 
MELDOLA.-THE  CHEMISTRY  OF  PHOTOGRAPHY.    By  Raphael  Meldola, 

F.R.S.,  Professor  of  Chemistry  in  theTeohnical  College,  Finsbury.   Cr.  Svo.   6ii. 
TAYLOR.— A  PRIMER  OF  PIANOFORTE-PLAYING.    By  Franklin  Taylor. 

Edited  by  Sir  Georoe  Grove.    ISmo.     Is. 
TAYLOR.— A    SYSTEM    OF   SIGHT-SINGING    FROM   THE    ESTABLISHED 

MUSICAL  NOTATION ;  based  on  the  Principle  of  Tonic  Relation,  and  Dlu»- 

trated  by  Extracts  from  the  Works  of  the  Great  Masters.    By  Sedlet  Taylor. 

Svo.     5s.  net. 
TYRWHl'lT.— OUR  SKETCHING  CLUB.     Letters  and  Studies  on   I^ndscapo 

Art.     By  Rev.  R.  St.  John  Tyrwhitt.     With  an  authorised  Reproduction 

of  the  Lessons  and  Woodcuts  in  Prof.  Ruskin's  "  Elements  of  Drawing."   6th 

Bd.    Or.  Svo.    7s.  6d. 
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ABBOTT.— BIBLE  LESSONS.    By  Rev.  Edwin  A.  Abbott,  D.D.    Cr.  Svo.   4«.  M. 
ABBOTT— RUSHBROOKE.-THE  COMMON  TRADITION  OF  THE  SYNOPTIC 

GOSPELS,  in  the  Text  of  the  Revised  Version.    By  Rev.  Edwin  A.  Abbott, 

D.D.,  and  W.  G.  Rushbrooke,  M.L.     Cr.  Svo.    Ss.  6d. 
ARNOLD.— Works  by  Matthew  Arnold. 
A   BIBLE-READING    FOR    SCHOOLS,— THE    GREAT     PROFHBCT    OF 

ISRAEL'S    RESTORATION   (Isaiah,    Cliapters    xl.-Ixvi.)      Armnged    and 

Edited  for  Young  Learners.     ISmo.     Is. 
ISAIAH  XL.-LXVI.    With  the  Shorter  Prophecies  allied  to  it    Arranged  and 

Edited,  with  Notes.    Cr.  Svo.     Ss. 
ISAIAH  OF  JERUSALEM,  IN  THE  AUTHORISED  ENGLISH  VERSION. 

With  Introduction,  Corrections  and  Notes.     Cr.  8vo.    4s.  6d. 
BENHAM.— A  COMPANION  TO  THE  LECTIONARY.     Being  a  CommentMT  cm 

the  Proper  Lessons  for  Sundays  and  Holy  Days.    By  Rev.  W.  Benham,  B.D. 

Cr.  Svo.     4s.  6d. 
OASSEL.— MANUAL  OF  JEWISH  HISTORY  AND  LITERATURE  ;  preceded  bjr 

a  BRIEF  SUMMARY  OF  BIBLE  HISTORY.     By  Dr.  D.  Cassbl.    Tnu»Ut«i 

by  Mrs.  H.  Lucas.    Fcap.  Svo.    2s.  6d. 
CHURCH.— STORIES  FROM  THE  BIBLE.     By  Rev.  A.  J.  CHDBrtl,  M.A.    Tlhm. 

trated.     2  parts.     Cr.  Svo.     3s.  6d.  each. 
*CROSS.— BIBLE  READINGS  SELECTED  FROM  THE  PENTATBUOH  AND 

THE  BOOK  OF  JOSHUA.    By  Rev.  John  A.  CnoM.    M  Bd.,  aalaniMl. 

with  Notes.    Gl.  Svo.    2s.  Cd. 
DRUMMOND.— INTRODUCTION    TO    THE    STUDY    OP   THBOLOOT.      By 

James  Drummond,  LL.D.,  Professor  of  Tlieology  in  Manchester  New  College, 

London.    Cr.  Svo.    58.  «     - »  o 

FARRAR.— Works  by  the  Venerable  Archdeacon  P.  W.  Parrar,  D.D.,  P.R.S., 

Archdeacon  and  Canon  of  Westminster.  .      ,     *  ,««.    *«.    ,*. 

THE  HISTORY  OP  INTERPRETATION.    Bampton  L«stare^  1886.  8m   l«fc 
THE  MESSAGES  OF  THE  BOOKS.    Being  Discourses  and  Note*  oa  tM  Books 

of  the  New  Testament.    Svo.     149.  .»«»^„.—     •    „ 

*GASKOIN.— THE  CHILDREN'S  TREASURY  OF  BIBLE  OTORIH!.    BjMn. 

Hkrman  Gaskoin.      Edited  with  Preface  by  Rev.   Q.   F.    Uacvm^DA). 

ISmo.    Is.  each.    Part  L-Ou>  Testament  History.    *^rt  II.-New  Tj^. 

ment.    Part  III.— The  Apobtles  :  St.  James  the  Gmat,  »t.  PAOt,  avd  Ot. 

John  the  Divine. 
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GOLDEN  TREASURY  PSALTER.— Students'  Edition.  Being  an  Edition  of  "  The 
Psalms  chronologically  arranged,  by  Four  Friends,"  with  briefer  Notes.  18mo. 
3s.  6d. 
GREEK  TESTAMENT.— Edited,  with  Introduction  and  Appendices,  by  Bishop 
Westcott  and  Dr.  h\  J.  A.  Hort.  Two  Vols.  Cr.  8vo.  10s.  6d.  each.  Vol. 
I.  The  Text.  Vol.  II.  Introduction  and  Appendix. 
SCHOOL  EDITION  OF  TEXT.     12mo.    Cloth,  4s.  6d. ;  Roan,  red  edges,  5s.  6d. 

18mo.     Morocco,  gilt  edges,  6s.  6d. 

*GREEK  TESTAMENT,  SCHOOL  READINGS  IN  THE.     Being  the  outline  of 

the  life  of  our  Lord,  as  given  by  St.  Mark,  with  additions  from  the  Text  of  the 

other  Evangelists.     Arranged  and  Edited,  with  Notes  and  Vocabulary,  by 

Rev.  A.  Calvert,  M.A.    Fcap.  Svo.    2s.  6d. 

*THE  GOSPEL  ACCORDING  TO  ST.  MATTHEW.     Being  the  Greek  Text  as 

revised  by  Bishop  Westcott  and  Dr.  Hort.     With  Introduction  and  Notes  by 

Rev.  A.  Sloman,  M.A,  Headinaster  of  Birkenhead  School.   Fcap.  Svo.    2s.  6d. 

THE  GOSPEL  ACCORDING  TO  ST.  MARK.     Being  the  Greek  Text  as  revised 

by  Bishop  Westcott  and  Dr.  Hort.   With  Introduction  and  Notes  by  Rev.  J. 

O.  F.  Murray,  M.A.,  Lecturer  at  Emmanuel  College,  Cambridge.    Fcap.  Svo. 

[In  preparation. 
*THE  GOSPEL  ACCORDING  TO  ST.  LUKE.     Being  the  Greek  Text  as  revised 
by  Bishop  Westcott  and  Dr.  Hort.     With  Introduction  and  Notes  by  Rev. 
John  Bond,  M.A,     Fcap.  Svo.     2s.  6d, 
*THE  ACTS  OF  THE  APOSTLES.     Being  the  Greek  Text  as  revised  by  Bishop 
Westcott  and  Dr.  Hort.     With  Explanatory  Notes  by  T.  E.  Page,  M.A., 
Assistant  Master  at  the  Charterhouse.     Fcap.  Svo.    3s.  6d. 
GWATKIN.— CHURCH  HISTORY  TO  THE  BEGINNING  OF  THE  MIDDLE 
AGES.     By  H.  M.  Gwatkin,  M.A.     Svo.  [In  preparation. 

HARDWIOK. — Works  by  Archdeacon  Hardwick. 
A  HISTORY  OF  THE  CHRISTIAN  CHURCH.    Middle  Age.    From  Gregory 
the  Great  to  the  Excommunication  of  Luther.     Edited  by  W.  Stobbs,  D.D., 
Bishop  of  Oxford.     With  4  Maps.     Cr.  Svo.     10s.  6d. 
A  HISTORY  OF  THE  CHRISTIAN  CHURCH  DURING   THE  REFORMA- 
TION.   9th  Ed.     Edited  by  Bishop  Stubbs.     Cr.  Svo.     10s.  6d. 
HOOLE.— THE  CLASSICAL  ELEMENT  IN  THE  NEW  TESTAMENT.   Considered 
as  a  proof  of  its  Genuineness,  with  an  Appendix  on  the  Oldest  Authorities  used 
in  the  Formation  of  the  Canon.  By  Charles  H.  Hoole,  M.A.,  Student  of  Christ 
Church,  Oxford.     Svo.     10s.  6d. 
JENNINGS    and   LOWE.  — THE    PSALMS,    WITH    INTRODUCTIONS    AND 
CRITICAL  NOTES.    By  A.  C.  Jennings,  M.A. ;  assisted  in  parts  by  W.  H. 
Lowe,  M.A.    In  2  vols.     2d  Ed.,  revised.     Cr.  Svo.    10s.  6d.  each. 
KIRKPATRIGK.— THE    MINOR    PROPHETS.      Warburtonian   Lectures.      By 
Rev.  Prof.  Kirkpatrick.  [In  preparation. 

THE  DIVINE  LIBRARY  OF  THE  OLD  TESTAMENT.    By  the  same.    [In prep. 
KUENEN.— PENTATEUCH  AND  BOOK  OF  JOSHUA:  An  Historico  -  Critical 
Inquiry  into  the  Origin  and  Composition  of  the  Hexateuch.    By  A  Kuenen. 
Translated  by  P.  H.  Wicksteed,  M.A.    Svo.    14s. 
LIGHTFOOT.— Works  by  the  Right  Rev.  J.  B.  Lightfoot,  D.D.,  late  Bishop  of 
Durham. 
ST.  PAUL'S  EPISTLE  TO  THE  GALATIANS.    A  Revised  Text,  with  Introduc- 
tion, Notes,  and  Dissertations.     10th  Ed.,  revised.    Svo.     12s. 
ST.  PAUL'S  EPISTLE  TO  THE  PHILIPPIANS.    A  Revised  Text,  with  Intro- 

duction.  Notes,  and  Dissertations.    9tli  Ed.,  revised.    Svo.     12s. 
ST.  PAUL'S   EPISTLES  TO   THE  COLOSSIANS  AND  TO   PHILEMON.     A 
Revised  Text,  with  Introductions,  Notes,  and  Dissertations.    8th  Ed.,  revised. 
Svo.     12s. 
THE  APOSTOLIC  FATHERS.    Part  I.  ST.  CLEMENT  OF  ROME.    A  Revised 
Text,  with  Introductions,  Notes,  Dissertations,  and  Translations.    2  vols.    Svo. 
82s. 
the'  APOSTOLIC  FATHERS.     Part  IL    ST.  IGNATIUS— ST.  POLYCARP. 
Revised  Texts,  with  Introductions,  Notes,  Dissertations,  and  Translations. 
2d  Ed.    3  vols.    Svo.    48s. 
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THE  APOSTOLIC  FATHERS.    Abridged  Edition.    With  nhort  IntrodttcOoniL 

Greek  Text,  and  English  Translation.     8vo.     ICs. 
ESSAYS  ON   THE   WORK    ENTITLED   "SUPERNATURAL    REUQION." 
(Reprinted  from  the  Contemporary  Review.)    8vo.     IOjj.  6d. 
MACLEAR.— Works  by  the  Rev.  G.  F.  Maclkak,  D.D.,  Wanlen  of  St  Aagostiiie's 
College,  Canterbuiy. 
ELEMENTARY  THEOLOGICAL  CLASS-BOOKS. 

*A  SHILLING  BOOK  OP  OLD  TESTAMENT  HISTORY.  With  Map.  ISnio. 
•A  SHILLING  BOOK  OF  NEW  TESTAMENT  HISTORY.  With  Map.  ISmo. 
These  works  have  been  carefully  abridged  from  the  Author's  Urge  mamuUs. 
*A  CLASS-BOOK  OF  OLD  TESTAMENT  HISTORY.  Maps.  18ino.  4a.  fi.1. 
*A  CLASS-BOOK  OP  NEW  TESTAMENT  HISTORY,  including  the  Conneetion 

of  the  Old  and  New  Testaments.     With  maps.     ISmo.     5k.  6d. 
AN  INTRODUCTION  TO  THE  THIRTY-NINE  ARTICLEa        [In  tht  Prm$. 
*AN  INTRODUCTION  TO  THE  CREEDS.     18mo.     2a.  6d. 
*A  CLASS-BOOK  OF  THE  CATECHISM  OF  THE  CHURCH  OF  ENGLAND. 

18mo.     Is.  6d. 
*A  FIRST  CLASS-BOOK  OF  THE    CATECHISM  OF  THE  CHURCH  OP 

ENGLAND.    With  Scripture  Proofs.     ISmo.     6d. 
*A  MANUAL  OF  INSTRUCTION  FOR  CONFIRMATION  AND  FIRST  COM- 
MUNION.    WITH  PRAYERS  AND  DEVOTIONS.    32mo.    2s. 
MAURICE.— THE  LORD'S  PRAYER,  THE  CREED,  AND  THE  COMMAND- 
MENTS.   To  which  is  added  the  Order  of  the  Scriptures.     By  Rev.  F.  D. 
Maurice,  M.A.    ISnio.     Is. 
THE  PENTATEUCH  AND  BOOK  OF  JOSHUA:   An  Historico-CriUcal  Inquiry 
into  the  Origin  and  Composition  of  the  Hexateuch.     By  A.  Kcenek,  Professor 
of  Theology  at  Leiden.    Translated  by  P.  H.  Wickbteed,  M.A-    8vo.     148. 
PROCTER.— A  HISTORY  OF  THE  BOOK  OF  COMMON  PRAYER,  with  a  Ration- 
ale of  its  Offices.     By  Rev.  F.  Pbootek.     18th  Ed.    Cr.  8vo.     lOs.  6d. 
♦PROCTER  and  MACLEAR.— AN  ELEMENTARY  INTRODUCTION  TO  THE 
BOOK  OF  COMMON  PRAYER.     Rearranged  and  supplemented  by  an  Ex. 
planation  of  the  Morning  and  Evening  Prayer  and  the  Litany.     By  Rev.  F. 
Peooteb  and  Rev.  Dr.  Macleab.    New  Edition,  containing  the  Communion 
Service  and  the  Confirmation  and  Baptismal  Offices.     18mo.     2s.  6d. 
THE  PSALMS,  CHRONOLOGICALLY  ARRANGED.    By  Four  Friends.    New 

Ed.     Cr.  Svo.     5s.  net, 

THE  PSALMS,  WITH  INTRODUCTIONS  AND  CRITIOAL  NOTES.    By  A.  a 

Jennings,  M.A.,  Jesus  College,  Cambridge ;  assisted  in  parts  by  W.  H.  Lows, 

M.A.,  Hebrew  Lecturer  at  Christ's  College,  Cambridge.    In  2  vols.    2d  Ed., 

revised.    Cr.  Svo.    lOs.  6d.  each. 

RYLE.— AN  INTRODUCTION  TO  THE  CANON  OF  THE  OLD  TESTAMENT. 

By  Rev.  H.  E.  Ryle,  M.A.,  Hulsean  Professor  of  Divinity  in  the  University  of 

Cambridge.    Cr.  8vo.  [In  preparation, 

SIMPSON.— AN  EPITOME  OF  THE  HISTORY  OF  THE  CHRISTIAN  CHURCH 

DURING  THE  FIRST  THREE  CENTURIES,  AND  OF  THE  REFORMATION 

IN  ENGLAND.    By  Rev.  Wiluam  Simpson,  MJL    7th  Ed.    Fcap.  Svo.    8s.  (Jd. 

ST.  JAMES'  EPISTLE.— The  Greek  Text,  with  Introduction  and  Notes.     By  R«t. 

Joseph  Mayok,  M.A.,  Professor  of  Moral  Philosophy  in  King's  College,  London. 

Svo.  [In  th*  Fmt. 

ST.  JOHN'S  EPISTLES.— The  Greek  Text,  with  Notes  and  Essays.  By  Right  R«t. 

B.  F.  Westcott,  D.D.,  Bishop  of  Durham.    2d  Ed-,  revised.    Svo.     128.  6d. 
ST.  PAUL'S  EPISTLES.— THE  EPISTLE  TO  THE  ROMANS.    Edited  by  the 
Very  Rev.  C.  J.  Vauohan,  D.D.,  Dean  of  Llandatt    6th  Ed.    Cr.  Svo.    7s.  6d. 
THE  TWO  EPISTLES  TO  THE  CORINTHIANS,  A  COMMENTARY  ON.    By 

the  late  Rev.  W.  Kay,  D.D.,  Rector  of  Great  Leghs,  Essex.    Svo.    9s. 
THE    EPISTLE  TO   THE  GALATIAN8.    Edited  by  the  Right  ReT.  J.   B. 

LiOHTFOOT,  D.D.    10th  Ed.    Svo.     12s. 
THE  EPISTLE  TO  THE  PHILIPPIANS.  By  the  Same  Editor.  9tliSd.8fO.llk 
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THE  EPISTLE  TO  THE  PHILIPPIANS,  with  Translation,  Paraphrase,  and 

Notes  for  English  Readers.   By  the  Very  Rev.  0.  J.  Vatjghan,  D.D.   Cr.  8vo.  5s. 
THE  EPISTLE  TO  THE  COLOSSIANS  AND  TO  PHILEMON.     By  the  Right 

Rev.  J.  B.  LiGHTFOOT,  D.D.    8th  Ed.    Svo.     12s. 
THE  EPISTLES  TO  THE  EPHESIANS,  THE  COLOSSIANS,  AND  PHILE- 
MON ;  with  Introductions  and  Notes,  and  au  Essay  on  the  Traces  of  Foreign 

Elements  in  the  Theology  of  these  Epistles.    By  Rev.  J.  Llewelyn  Da  vies, 

M.A.     Svo.    7s.  6d. 
THE  EPISTLE  TO  THE  THESSALONIANS,  COMMENTARY  ON  THE  GREEK 

TEXT.     By  John  Eadie,  D.D.    Edited  by  Rev.  W.  Young,  M.A.,  with  Preface 

by  Prof.  Cairns.     Svo.     12s. 
THE  EPISTLE  TO  THE  HEBREWS.— In  Greek  and  English.    With  Critical  and 

Explanatory  Notes.    Edited  by  Rev.  P.  Rendall,  M.A.    Cr.  Svo.    '6s. 
THE  ENGLISH  TEXT,  WITH  COMMENTARY.    By  the  same  Editor.    Cr. 

Svo.    7s.  6d. 
THE  GREEK  TEXT.    With  Notes  by  0.  J.  Vaughan,  D.D.,  Dean  of  LlandaflF. 

Cr.  Svo.    7s.  6d. 
THE  GREEK  TEXT.    With  Notes  and  Essays  by  the  Right  Rev.   Bishop 

Westcott,  D.D.    Svo.    14s. 
VAUGHAN.— THE  CHURCH  OF  THE  FIRST  DAYS.     Comprising  the  Church 

of  Jerusalem,  the  Church  of  the  Gentiles,  the  Church  of  the  World.    By  0.  J. 

Vaughan,  D.D.,  Dean  of  Llandaff.    New  Ed.    Cr.  Svo.     10s.  6d. 
WESTCOTT.— Works  by  the  Right  Rev.  Brooke  Foss  Westcott,  D.D.,  Bishop  of 

Durham. 
A  GENERAL  SURVEY  OF  THE  HISTORY  OP  THE  CANON  OF  THE  NEW 

TESTAMENT  DURING  THE  FIRST  FOUR  CENTURIES.     6th  Ed.    With 

Preface  on  "Supernatural  Religion."    Cr.  Svo.    10s.  6d. 
INTRODUCTION  TO   THE    STUDY  OP  THE  FOUR  GOSPELS.     7th  Ed. 

Cr.  Svo.     10s.  6d. 
THE  BIBLE  IN  THE  CHURCH.    A  Popular  Account  of  the  Collection  and 

Reception  of  the  Holy  Scriptures  in  the  Christian  Churches.     ISmo.    4s.  6d. 
THE  EPISTLES  OP  ST.  JOHN.    The  Greek  Text,  with  Notes  and  Essays. 

2d  Ed.,  revised.    Svo.     12s.  6d. 
THE  EPISTLE  TO  THE  HEBREWS.    The  Greek  Text,  with  Notes  and  Essays. 

Svo.    14s. 
SOME  THOUGHTS  FROM  THE  ORDINAL.    Cr.  Svo.    Is.  6d. 
WESTCOTT    and    HORT.— THE    NEW    TESTAMENT    IN    THE    ORIGINAL 

GREEK.     The  Text,  revised  by  the  Right  Rev.  Bishop  Westcott  and  Dr. 

P.  "J.  A.  HoRT.    2  vols.    Cr.  Svo.    10s.  6d.  each.    Vol.  I.  Text.    Vol.   II. 

Introduction  and  Appendix. 
SCHOOL  EDITION  OP  TEXT.    12mo.     4s.  6d.;  Roan,  red  edges,  5s.  6d.    Fcap. 

Svo.     Morocco,  gilt  edges,  6s.  6d. 
WRIGHT.— THE  COMPOSITION  OF  THE  FOUR  GOSPELS.    A  Critical  En- 
quiry.   By  Rev.  Arthur  Wright,  M.A.,  Fellow  and  Tutor  of  Queen's  College, 

Cambridge.    Or.  Svo.    5s. 
WRIGHT.— THE  BIBLE  WORD-BOOK:  A  Glossary  of  Archaic  Words  and 

Phrases  in  the  Authorised  Version  of  the  Bible  and  the  Book  of  Common 

Prayer.    By  W.  Alois  Wright,  M.A.,  Vice-Master  of  Trinity  College,  Cam- 
bridge.   2d  Ed.,  revised  and  enlarged.    Cr.  Svo.    7s.  6d. 
«YONGE.  — SCRIPTURE  READINGS  FOR  SCHOOLS  AND  FAMILIES.     By 

Charlotte  M.  Yonoe.    In  Five  Vols.    Ex.  fcap.  Svo.    Is.  6d.  each.    With 

Comments.    3s.  6d.  each. 
First  Series. — Genesis  to  Deuteronomy.    Second  Series. — From  Joshua  to 

Solomon     Third  Series. — The  Kings  and  the  Prophets.    Fourth  Series. 

—The  Gospel  Times.    Fifth  Series. — Apostolic  Times. 
ZEOHARIAH— THE  HEBREW  STUDENT'S  COMMENTARY  ON  ZECHARIAH, 

HEBREW  AND  LXX.    With  Excursus  on  Syllable-dividing,  Methcg,  Initial 

Dagesh,  and  Siman  Rapheh.    By  W.  H.  Lowe,  M.A.,  Hebrew  Lecturer  at 

Christ's  College,  Cambridge.    Svo.    10s.  6d. 
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Each  Volume  Complete  in  Itself. 


Volume  for  1884. 

Coniaining  792  ^ages,  with  428  Illustrations.     Price  js.  6d. 

The  Volume  contains  the  following  Complete  Stories  and  Serials : 

The  Armourer's  'Prentices.  By  C.  M.  Yongb.  An  Unsentimental  Journey 
through  Cornwall.  By  Mrs.  Craik.  Julia.  By  Walter  Besant.  How  I  be- 
came a  War  Correspondent.  By  Archibald  Forbes.  The  Story  of  a  Courtship. 
By  Stanley  J.  Weyman,  etc 


Volume  for  1885. 

Containing^\o  Pages,  with  nearly  500  Illustrations.  Price  8*. 
The  Volume  contains  the  following  Complete  Stories  and  Serials  : — 
A  Family  Affair.  By  Hugh  Conway.  Girl  at  the  Gate.  By  Wilkik 
Collins.  The  Path  of  Duty.  By  Henry  James.  Schwartz.  By  D.  Christib 
Murray.  A  Ship  of  '49.  By  Bret  Harte.  That  Terrible  Man.  By  W.  E. 
NoRRis.  Interviewed  by  an  Emperor.  By  Archibald  Forbes.  In  the  Llon'i 
Den.     By  the  Author  of  "John  Herring,"  etc. 


Volume  for  1886.       ' 

Containing  S32  pages,  with  nearly  500  Illustrations.     Price  8*, 
The  Volume  contains  the  following  Complete  Stories  and  Serials  : — 

Kiss  and  1)6  Friends.  By  the  Author  of  "John  Halifax,  Gentleman."  Aunt 
Rachel  By  D.  Christie  Murray.  A  (Hurden  of  Memories.  By  Margaret 
Veley.  My  Friend  Jim.  By  W.  E.  Norris.  Harry's  Inheritance.  By  Grant 
Allen.  Captain  Lackland.  By  Clementina  Black.  Witnessed  by  Two.  By 
Mrs.  Molhsworth.  The  Poetry  did  It.  By  Wilkie  Collins.  Dr.  Barrere. 
By  Mrs.  Oliphant.  Mere  Suzanne.  By  Katharine  S.  Macquoid.  Days  with 
Sir  Roger  de  Coverley,  with  pictures  by  Hugh  Thomson,  etc 


Volume  for  1887. 

Containing  'iyi  pages,  with  nearly  500  Illustrations.  Price  8*. 
The  Volume  contains  the  following  Complete  Stories  and  Serials  : — 
Marzio's  Crucifix.  By  F.  Marion  Crawford.  A  Secret  Inheritance.  By  B. 
L.  Faejeon.  Jacquetta.  By  the  Author  of  "John  Herring."  Oerald.  By 
Stanley  J.  Weyman.  An  Unknown  Country.  By  the  Author  of  "  John  Hali- 
fax, Gentleman."  With  Illustrations  by  F.  Noel  Paton.  A  Siege  Baby.  By  J. 
S.  Winter.    Miss  Falkland.    By  Clementina  Black,  etc 


Volume  for  1888. 

Containing  Zyi.  pages,  with  nearly  500  Illustrations.     Price  %s. 

Among  the  chief  Contents  of  the  Volume  are  the  following  Complete 
Stories  and  Serials  : — • 

CoacMng  Days  and  Coaching  Ways.  By  W.  O.  Tristram.  With  Illustra- 
tions by  H.  Railton  and  Hugh  Thomson.  The  Story  of  Jael.  By  the  Author  of 
"  Mehalah."  Lil  *.  a  LiverT)ool  Child.  By  Agnes  C.  Maitland.  The  Patagonia. 
By  Henry  James.  Family  Portraits.  By  S.  J.  Weyman.  The  Mediation  of 
Ralph  Hardelot.  By  Prof.  W.  Minto.  That  Girl  in  Black.  By  Mrs.  Moles- 
worth.  Glimpses  of  Old  English  Homes.  By  Elizabeth  Balch.  Pagodas, 
Anrioles,  and  Umhrellas.  By  C.  F.  Gordon  Gumming.  The  Magio  Fan.  By 
John  Strange  Winter. 

Volume  for  1889. 

Containing  goo  pages,  with  nearly  500  Illustrations.     Price  Zs. 
Among  the  chief  Contents  of  the  Volume  are  the  following  Complete 

Stories  and  Serials  : — 
Sant'  Ilarlo.  By  F.  Marion  Crawford.  The  House  of  the  Wolf.  By  Stan- 
ley J.  Weyman.  Glimpses  of  Old  English  Homes.  By  Elizabeth  Balch. 
One  Night— The  Better  Man.  By  Arthur  Paterson.  Hovt  the  "Crayture" 
got  on  the  Strength.  And  other  Sketches.  By  Archibald  Forbes.  La  Belle 
Americaine.  By  W.  E.  Norris.  Success.  By  Katharine  S.  Macquoid. 
Jenny  Harlowe.    By  W.  Clark  Russell. 


Volume  for  1890. 

Containing  900  pages,  with  nearly  550  Illustrations.     Price  8j 
Among  the  chief  Contents  of  the  Volume  are  the  following  Complete 

Stories  and  Serials  : — 
The  Ring  of  Amasis.  By  the  Earl  of  Lytton.  The  Glittering  Plain :  or,  the 
Land  of  Living  Men.  By  William  Morris.  The  Old  Brown  Mare.  By  W.  E. 
NoRRis.  My  Journey  to  Texas.  By  Arthur  Paterson.  A  Glimpse  of  Hlgh- 
clere  Castle— A  Glimpse  of  Osterley  Park.  By  Elizabeth  Balch.  For  the 
Cause.  By  Stanley  J.  Weyman.  Morised.  By  the  Marchioness  of  Car- 
marthen. Overland  from  India.  By  Sir  Donald  Mackenzie  Wallace, 
K.C.I.E.  The  Doll's  House  and  After.  By  Walter  Besant.  La  MtUette, 
Anno  1814.     By  W.  Clark  Russell. 


Volume  for  1891. 

Containing  goo  pages,  and  about  500  Illustrations.    Price  Zs. 
Among  the  chief  Contents  of  the  Volume  are  the  following  Complete 

Stories  and  Serials  : — 
The  Witch  of  Prague.  By  F.  Marion  Crawford.  The  Wisdom  Tooth.  By 
D.  Christie  Murray  and  Henry  Herman.  Wooden  Tony.  By  Mrs.  W.  K. 
Clifford.  Two  Jealousies.  By  Alan  Adair.  (Jentleman  Jim.  By  Mary 
Gaunt.  Harrow  School.  Winchester  College.  Fawsley  Park.  Ham  House. 
Westminster  Abbey.  Norwich.  The  New  Trade-Union  Movement.  Russo- 
Jewlsh  Immigrant.    Queen's  Private  Garden  at  Osborne. 
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